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ABSTRACT 
 
 
 
Climate change has become one of the most pressing environmental concerns and the greatest 
challenges to global infrastructure in society today. It has been proved by many researchers 
that Victoria along with other Australian states and territories has been experiencing a drying 
climate over the past several decades. Numerous lightly-loaded residential buildings 
constructed on expansive soils are subjected to distortions arising from differential ground 
movements. Expansive or reactive soils are clay soils, which undergo considerable volume 
change as the result of periodic drying and wetting due to climatic variations. Many countries 
in the world include Australia, United States, Israel, India and South Arica have reported 
infrastructure damage problems due to the movement of expansive soils. The problems are 
particularly significant in Australia as 20% of the surface area in Australia is covered by 
expansive soils (Richards et al. 1983). The climate indicator Thornthwaite Moisture Index 
(TMI) can be used for quantifying the effect of climate change on the characteristic surface 
movement ys, in accordance with Australian Standard AS2870-2011 ‘Residential slabs and 
footings’. However, AS2870 does not specify any TMI calculation equations and methods to 
correlate the depth of design soil suction change Hs needed for ys estimate. Nonetheless, TMI 
based Victorian climatic zones presented in AS2870 was produced using climate data from 
1940 to 1960 (McManus et al. 2003). Along with the changing climate, the design of footings 
using outdated Victorian climatic zones is not only erroneous, and may have an adverse 
effect on the stability of foundations and buildings. 
 
The primary focus in this research study is TMI. The main objective is to develop a program 
(based on Excel spreadsheet) for TMI calculation and to predict and produce future TMI 
isopleth map for Victoria, and thus to facilitate a better understanding of the impact of 
climate change on residential footing design and construction. 
 
In the thesis, the collection method for climatic parameters required in determining TMI was 
introduced. Examples were given to demonstrate step-by-step TMI calculation procedurals by 
employing the original and the simplified Thornthwaite equation. Long term climate records 
(i.e. precipitation and temperature data) over 60 years (in three by twenty year intervals, i.e. 
1954-1973, 1974-1993 and 1994-2013) from 70 weather stations of Victoria were adopted for 
 IV 
 
TMI determination and this computation work was performed by the use of a program 
developed by the candidate. Year-by-year method was presented and applied on both original 
and simplified equation. TMI isolines were then plotted on the Victoria map to present 
climate conditions since 1954.  
 
The main factors influencing climate change and ground movements were discussed. The 
past and the projected climate change, particularly for elements such as temperature, 
precipitation and sea level were also reviewed. Numerous emission scenarios and diverse 
climate models used to project the future climate were presented. Step-by-step method in 
predicting and quantifying future climate condition for Victoria by the use of TMI was 
demonstrated. The derived TMI results were then used for the delineation of isolines in 
Victoria map for 2030, and 2050 and 2070.  
 
Three case studies were carried out to facilitate a better understanding of different equations 
and methods used for estimating TMI as well as to demonstrate the effect of climate change 
on the characteristic surface movement ys, which was predicted based on the projected 
climate trend and the depth of seasonal design suction change Hs. 
 
The main contributions of this research are the updated as well as the predicted future TMI 
isopleth maps of Victoria, which superseded the old TMI map recorded in AS2870 (2011) 
and can be used to evaluate the impact of climate change on residential footing design. These 
maps have demonstrated that Victoria has experienced a significant growth of drying over the 
past 60 years and an overall increase of aridity for its future climate is expected if the drying 
climate trends are persisted. It is believed that the developed TMI climate tool would be very 
useful for design engineers and building industry. 
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CHAPTER 1   INTRODUCTION  
 
 
 
1.1 General 
 
Expansive soil, also called shrink-swell soil or reactive soil, is clay soil that experience 
appreciable volume change in response to changes in soil moisture content (Jennings et al. 
1973; Delaney et al. 2005). Hence expansive soil heave is directly related to moisture content 
change. An increase in moisture content in expansive soils can cause volumetric swelling 
which presents as vertical heaves in expansive soil layers, while decreasing moisture content 
leads to soil shrinking and cracking. Wetting and drying of expansive soils in response to 
climate cycles result in cycles of shrinkage and swelling of soils. This cyclic shrinkage and 
swelling can cause severe structural damage, especially to lightweight structures such as 
roads, pavements, and residential buildings. 
 
Expansive soils are widely spread all over the world, particularly distributed in arid to semi-
humid climate zones. According to Chen (1988), several countries in the world, include 
Australia, United States, Israel, India and South Arica, have reported infrastructure damage 
problems due to the movement of expansive soils. The problems are particularly significant 
in Australia as 20% of the surface area in Australia is covered by expansive soils (Richards et 
al. 1983). Six out of eight Australia’s largest cities are significantly affected by clay 
foundation soils, which realize a significant proportion of their expansive potential (Fityus et 
al. 2004). Approximately 50 percent of the surface area in Victoria is covered by moderate to 
highly expansive soils and most of soils are derived from Tertiary, Quaternary and Volcanic 
deposits (Mc Andrew, 1965), which have caused approximately half of the dwelling failure in 
Melbourne (Holland, 1981). Seasonal variations in climate are considered as the dominate 
factor of soil volume change induced foundation movement, other factors such as tree root 
drying, underground pipe leaking and garden over-watering are also responsible for soil 
volume change. 
 
Climate change has become one of the greatest challenges these days. The impact of climate 
change will not only affect native environment, but also the civil infrastructure related 
activities from small residential dwellings to large multi-million dollar projects. Damages to 
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residential dwelling caused by climate variations were reported worldwide, particularly on 
foundation movement arising from seasonal moisture change. Residential footing design is 
often governed by soil movement.  
 
Research into expansive soil behaviour has been carried out in Australia since the late 1950’s, 
the outcome of much of the Australian research was an Australian standard. Since 1986, 
Australian footing design and construction practices have been guided by a national standard. 
The current Australian Standard for residential slabs and footings is the 2011 edition. 
Common to the three versions of the Standard, sites are classified according to soil profile 
and regional climate influence on soil moisture state (Li and Zhou, 2013). Site classification 
is based on ys, the predicted design site surface movement, over the life of the house, which is 
based on design soil suction change profiles for different climatic regions of Australia. The 
standard AS2870 recommends to use the climate indictor TMI to estimate the depth of design 
soil suction change, Hs. However the empirical guidelines of AS2870 (2011) has significant 
shortcomings due to its non-rigorous design procedure, which will be discussed in Section 
2.10 of the thesis. 
 
AS2870-2011 provides a map of Victorian climatic zones to assist practitioners and engineers 
for routine footing design. Climate zones were classified based on the given TMI threshold. 
However, this map was produced using climate records from 1940 to 1960 (McManus et al. 
2003). Along with the changing climate, the design of residential footings using outdated 
TMI-based climatic zones is not only erroneous, but may have an adverse effect on the 
stability of the foundations and buildings. Therefore, it is necessary to delineate a new TMI 
isopleth map for Victoria. 
 
 
1.2 Research Objectives  
 
The main objective of this research is to develop an Excel Spread Sheet based TMI 
calculation tool, and to predict and produce future TMI isopleth map for Victoria and thus to 
facilitate a better understanding of the impact of climate change on residential footing design 
and construction. 
 
The specific objectives of this research study are: 
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 To summarize, assess and compare all available approaches, equations and assumptions 
for TMI computation. 
 To compare TMI results using different PET equations and models for sites located in 
various states of Australia. 
 To investigate the influence of various study periods adopted on the final TMI results for 
the study sites and to provide rationally-based recommendations on the bench mark of 
study periods used in calculating TMI. 
 To develop a functional Excel Spread Sheet based TMI climate tool to allow TMI for a 
site to be obtained with only monthly precipitation and temperature data. 
 To develop a functional Excel Spread Sheet based characteristic ground surface 
movement (ys) estimation tool to ensure ys for a site to be estimated with only instability 
index (Ipt) value and the depth of design soil suction change (Hs) value. 
 To delineate and compare TMI isopleth maps for Victoria over the past 60 years (in three 
by twenty year intervals, i.e. 1954-1973, 1974-1993 and 1994-2013) and in the future (i.e. 
2030, 2050 and 2070) using various TMI calculation equations and methods. 
 
 
1.3 Thesis Arrangement 
 
The thesis is organized into six Chapters. A brief description of each Chapter is given below. 
 
Chapter 1 – Introduction 
 
This Chapter provides an introduction and the main objectives of the research study with 
background information on expansive soils and residential footing design. Thesis structure is 
also outlined in the Chapter. 
 
Chapter 2 – Literature Review 
 
This Chapter provides a detailed review on the climate and geomorphic divisions in Victoria, 
the characteristics and behaviours (i.e. swelling and shrinkage, suction) of expansive soil in 
Australia and various type of damages made to light structures. Various measurements and 
modelling methods in estimating evapotranspiration are introduced and the development of 
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TMI equation, methodology for TMI computation as well as its application are presented. 
This Chapter ends with a review of two Australian methods and one US method in estimating 
ground surface movement. 
 
Chapter 3 –The delineation of TMI based isopleth map for Victoria over 60 years 
 
This Chapter describes the collection method for climatic parameters required in determining 
TMI. Examples are provided to demonstrate the step by step TMI calculation procedurals for 
different equations employed. TMI values are computed for 70 weather stations of Victoria 
over 60 years using various TMI calculation equations and methods. Six TMI based contour 
maps of Victoria are developed to present the soil conditions since 1954. 
 
Chapter 4 – The use of climate change projections to delineate the future TMI isopleth map of 
Victoria  
 
This Chapter introduces the primary factor contributing to climate change and summarizes 
the past and the projected future climate change. Numerous emission scenarios and diverse 
climate models which were used to project the future climate are presented. A step-by-step 
method in predicting and quantifying the future climate condition for Victoria is 
demonstrated. TMI contour maps are developed for Victoria in 2030, 2050 and 2070 and 
climate zoning is also presented. 
 
Chapter 5 – Case studies 
 
This Chapter outlined three case studies to facilitate further understanding on the use of 
different equations and methods in estimating TMI as well as the use of climate indicator TMI 
to estimate the depth of design soil suction change (Hs) which is needed for the prediction of 
future characteristic ground movement based on the projected climate trend. 
 
Chapter 6 – Conclusion and Recommendation 
 
This Chapter provides the conclusions of the research work and recommendations for future 
research. 
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CHAPTER 2   LITERATURE REVIEW 
 
 
 
2.1 General 
 
Expansive soil associated problems such as foundation movement can strongly affect the 
function and performance of light structures and lead to serious damages or even failure of 
the structure. Damages to infrastructure caused by expansive soil movement have been 
widely reported in many countries such as Australia, China, United States, Israel, India and 
South Arica (Li and Cameron, 2002; Li et al. 2014). The problems are particularly significant 
in Australia as approximately 20% of the total land area is covered by expansive soils, and 
these areas are often associated with a harsh semi-arid climate (i.e. long dry period followed 
by a short period of relatively high rainfall). Most Australian families own one- or two-storey 
detached houses which are constructed with masonry external walls that are intolerant of 
ground movement. Consequently, much research in Australia has been dedicated to the 
ground movement prediction and the design of residential footings to cope with the ground 
movements due to the long term and seasonal change in the soil suction profiles (Li and Zhou, 
2013).  
 
This Chapter reviewed the climate and geomorphic divisions in Victoria, the characteristics 
and behaviors (e.g., swelling and shrinkage, suction) of expansive soil in Australia and 
various type of damages made to light structures. Factors influencing the behavior of 
expansive soil are also reviewed.  
 
Thornthwaite moisture index (TMI) as a climatic predictor has been widely employed in 
accordance with ‘AS2870-2011, Residential slabs and footings’ by Australian researchers 
and practitioners in estimating climatic variation induced ground surface movement. In this 
Chapter, the development of TMI equation, methodology for TMI computation as well as its 
application was reviewed. Potential evapotranspiration (PET) is one of the essential terms in 
TMI determination. Workers, however, sometimes cannot distinguish it with another term 
called, ‘actual evapotranspiration (AET)’. This Chapter discussed the similarity as well as 
the diversity between potential and actual evapotranspiration, various measurement and 
modelling methods in estimating evapotranspiration were also presented. 
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Australian Standard AS2870 provide a methodology of classifying foundations and to 
provide direction and guidance of slab and footing systems to practitioners, engineers and 
designers over the past several decades. However, this ‘deem-to-comply’ standard may 
involve some limitations for the routine footing design. The evolution of Australian Standard 
AS2870 along with some existing limitations and several important elements (e.g., the depth 
of design soil suction change Hs, soil suction change ∆u) used for residential footing deign 
were illustrated in this Chapter. Two Australian methods and one US method in estimating 
ground surface movement were presented. Nonetheless, climate zone classification system in 
Australia and the United States was reviewed and compared.  
 
 
2.2 Climate in Victoria 
 
Slogan “The Garden State” was given to Victoria as it provides excellent condition (e.g., 
adequate rainfall and sunshine) for plant growth. Insignificant growth may be experienced in 
winter due to the lower temperatures. By contrast, in summer, crop productivity can be 
optimum and plants are able to grow faster and vigorously through sufficient sunshine and 
warm temperatures if irrigation water is available. In Victoria, there are more frequent 
precipitation events in winter than in summer and it is the second wettest Australian mainland 
state. 
 
Victoria lies the farthest South in Australia and due to its southern position, it tends to be 
relatively more humid and cooler than other Australian mainland states. Victoria’s climate 
varies from semi-arid North West region (e.g., District 1-Mallee, Fig. 2-1) where the 
temperature extremes are most commonly occurred during summer, to the snowfields of 
Victorian Alps in District 4 – North East, where the temperature is below freezing. The centre 
of Victoria has a cooler mountain climate as a result of the Great Dividing Range (Fig. 2-2). 
As part of the Great Dividing Range, the Alps in the northeast are the coldest region in 
Victoria, which temperature can get below 0°C in the highest parts of the range and less than 
9°C in winter. At south of the range, the weather is a bit wetter except for central Gippsland 
and Melbourne western region. Weather of coastal plains and along the coast, particularly 
around Melbourne, is generally mild and cool. Melbourne and its surrounding towns are 
within temperate region. 
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Fig. 2-1 District Distribution of Victoria (CFA, 2012) 
 
 
 
Fig. 2-2 Great Dividing Range Distribution of Australia (NASA, 2000) 
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Historical weather extremes for Victoria are shown in Table 2-1 below.  
 
Table 2-1 Historical Weather Extremes (BOM, 2013) 
Weather extremes Magnitude Place Year 
Highest temperature 48.8°C Hopetoun 07/02/2009 
Lowest temperature -11.7°C 
Omeo & Falls 
Creek 
15/06/1965 & 03/07/1970 
Highest annual 
rainfall 
3738.5mm Falls Creek 1956 
Highest monthly 
rainfall 
989.6mm Falls Creek 07/1964 
Highest daily rainfall 377.8mm Tidal River 23/03/2011 
 
1. During the south eastern heat wave in 2009, the highest temperature of 48.8°C was 
occurred in Hopetoun on 7th of February.  
2. Omeo and Falls Creek have experienced the lowest minimum temperature of -11.7°C on 
13th June 1965 and 3rd July 1970 respectively.  
3. The highest monthly and annual rainfall events of 989.6mm in July 1964 and 3738.5mm 
in 1956 were occurred in Falls Creek. On 23th March 2011, Tidal River was experienced 
the highest daily rainfall of 377.8mm. 
 
 
Seasonal Variations 
 
Victoria’s climate is susceptible to seasonal climatic variations and topographic features. 
Victorian climate conditions are also influenced by the ocean-atmosphere system in the 
tropical Pacific. 
 
The climate pattern in the Southern Ocean is a dominate factor for the formation of Victoria’s 
weather. During the winter, there will be a general west to east movement of high pressure 
system across north of the state. Those high pressures can bring precipitation events to many 
regions of Victoria through low pressure system interspersion. During the spring month (e.g., 
from September to November), weather of the state is more variable due to change of weather 
system. In summer, high pressure systems from Southern Ocean move to further south and as 
a consequence, warmer condition are alleviated by the cold fronts in south of the state.  
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2.3 Soil in Victoria  
 
Soils in Australia were classified on the basis of information on horizons (e.g., Surface-A1, 
Subsurface-A2, Subsoil-Weathering parent material-C) and their formation, namely 
Australian Soil Classification. Victoria has been divided into 22 Primary Production 
Landscape (PPL) which was determined by soil and landscape data, land use maps, the 
climatic record, and regional experience of agronomists and land managers (DEPI, 2014). 
Each PPL was described and characterized by its predominant soil types and distribution. Fig. 
2-3 illustrates the Primary Production Landscape of Victoria with representative soil profiles. 
 
 
 
 
Fig. 2-3 Primary Production Landscape of Victoria with Representative Soil Profiles  
(DEPI, 2014) 
 
Victoria has a wide variety of soil types. There are many factors affected soil forming process, 
such as vegetation, geology and climate. According to Jenkin (1999b), soils in Victoria are 
mainly from the weathering of the underlying rocks and the local geomorphic history. 
Approximately half of the surface area in the state is covered by moderate to highly 
expansive soils and most of soils are derived from Tertiary, Quaternary and Volcanic deposits 
(Mc Andrew, 1965). 
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Fig. 2-4 Geomorphic Divisions of Victoria (DEPI, 2014) 
 
The formation of geomorphic division is mainly determined from its landforms and soils 
(Jenkin, 1999a). Victoria was primarily divided into six geomorphic divisions, as shown in 
Fig. 2-4. 
 
1. Central Victorian Uplands 
2. South Victorian Uplands 
3. Murray Basin Plains 
4. West Victorian Volcanic Plains 
5. South Victorian Coastal Plains 
6. South Victorian Riverine Plains 
 
Murray Basin Plains are consisted of Riverine Plain, Mallee Dunefield and Wimmera Plain. 
According to Singleton (1973), marine tertiary rocks were underlain in Mallee Dunefield. 
Wimmera plain was covered by grey, brown and red calcareous clay soils (Jenkin, 1999a). 
Abundant swelling clays developed in unconsolidated sedimentary deposits were underlain 
over Wimmera plain (Dahlhaus, 1999). Alluvium was distributed in Riverine Plains (Hills, 
1955; Singleton, 1973). 
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Central Victorian Uplands are comprised of East Victorian Uplands and West Victorian 
Uplands, where the East Uplands include upland plateaux and high plains, Dissected Uplands 
and Wellington Uplands, and the West Uplands are consisted of Dissected Uplands 
(Midlands), The Grampians, Dundas and Merino Tablelands. According to Jenkin (1999a) 
and Hills (1955), East Victorian Uplands were covered by bedrocks which were developed 
from various palaeozoic sedimentary, igneous and metamorphic rocks. Differences from East 
Victorian Uplands, the presence of volcanic rocks are more salient in the landscape of West 
Victorian Uplands (Hills, 1955).  
 
Older Volcanic basalts are widespread across West Victorian Volcanic Plains (Hills, 1955). 
Dark clays formed on basalts are susceptible to ground movement. The south western part is 
mainly covered by Jurassic sandstones, mudstones and shales (Hills, 1955).  Melbourne is 
located in the border of West Victorian Volcanic Plains and South Victorian Coastal Plains. 
Melbourne’s north eastern hilly area is covered by sodic duplex soils, which undergoes cycles 
of seasonal wetting and drying. Tertiary sediments contain acidic duplex soils are underlain 
Melbourne eastern suburbs. Clays on basaltic plains are very sensitive to seasonal moisture 
change, such as those distributed in Melbourne western regions, are most likely cause ground 
movement due to changes in soil water content.  
 
South Victorian Uplands are consisted of Otway Range, Barrabool Hills, Mornington 
Peninsula, South Gippsland Ranges and Wilsons Promontory. Granite is mainly distributed in 
Wilsons Promontory area (Singleton, 1973). 
 
 
2.4 Expansive Soils 
 
Jennings et al. (1973) defined expansive soil as the soils that, because of their mineralogical 
composition, experience large volume changes or volumetric strains when subjected to 
moisture changes. Expansive soils are also refer to reactive soils, volumetrically active soils, 
swelling and heaving soils. Expansive soil swells laterally as well as vertically and has the 
tendency of volume change, for example, shrink or dry- crack when water content decrease 
and swell when water content increase. This mechanisms lead to a simultaneous increase of 
sliding force and at the meantime the shear strength is decrease. Seasonal variation in climate 
is the dominate factor of expansive soil volume change and other factors such as tree root 
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drying, underground pipe leaking and garden over-watering are also responsible for soil 
volume change. 
 
According to Rogers et al. (1993), swelling soil could control almost any type of the soil 
behaviour if the clay was more than 5% by weight. Shrinking and swelling of unsaturated 
expansive clays in response to water content change is a worldwide phenomenon (Fityus et al. 
2004). Serious damage in the foundation of light structures may cause by greater ground 
movement due to non-uniform moisture change of expansive clays. Nonetheless, 
serviceability performance of light structures will also be influenced due to deformation of 
foundation such as ‘centre heave’ or ‘drying settlement’. 
 
      2.4.1 Damage Caused by Expansive Soils 
 
Expansive soil associated problems such as foundation movement can strongly affect the 
function and performance of light structures and lead to serious damages or even failure of 
the structure. Damages to structure include interior and external wall cracks, jammed and 
misaligned doors and windows. Structural damage caused by expansive soils has been widely 
reported in many countries such as Australia, China, India, Israel, South Africa, the United 
Kingdom and the United States of America(Li and Cameron, 2003; Li et al. 2014). Expansive 
soil induced crack often occur after long drought and close in humid season, and possibly re-
open during the following long period of drying. According to Archicentre Ltd (2000), 90% 
of all the cracking problems in houses are result from moisture changes in clay soils. 
 
The unsatisfactory performance of light structures built on expansive soils subject to seasonal 
movements was frequently reported since the early 1950’s (Holland, 1979). Increasing 
complaints regarding to damage of houses had been reported to the building practitioners 
(McManus et al. 2003). In December 2011, the Housing Industry Association (HIA) 
estimated that more than 1000 new houses in the Western suburbs of Melbourne were 
damaged due to soil heave (The AGE, 2011). 
 
      2.4.2 Method in Determining Expansive Soils 
 
Australian Standard AS2870 does not contain prescriptive references to soil parameters, such 
as Atterberg Limits or linear shrinkage, as a means of determining whether a soil is expansive 
or has a particular degree of expansivity (Brown et al. 2003). The American Association of 
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State Highway and Transportation Officials (AASHTO, 2013) provide a method to detect 
whether a soil is expansive by using the Atterberg Limits of the soil. The soil's potential for 
expansion may be determined based on Table 2-2. 
 
Table 2-2 AASHTO Guidelines in Determine Expansive Soils (AASHTO, 2013) 
Degree of 
Expansivity 
Liquid Limit Plasticity Index 
Low < 50 < 25 
Marginal 50 - 60 25 - 35 
High > 60 > 35 
 
 
      2.4.3 Characteristics of Expansive Soils  
 
Near-ground expansive soils are generally unsaturated because of desiccation and are 
commonly self-mulching, they form a relatively thin surface layer of loose dry granular 
material following repeated light wetting and drying (Hubble, 1972). Typical short-term and 
long -term slab deformation are illustrated in Fig. 2-5 Expansive soils are hard and dense in 
the dry state and can sustain high shear strength. Large crack will present when dry, it can be 
up to maximum 50 mm in width at the surface, tapering and extending down to depth of 1-2m 
or more. According to Hubble (1972), the spacing and cracks are related.  
 
 
             
 
Fig. 2-5 Typical Slab Deformation during Periodic Drying and Wetting 
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In the rainfall event, rain water goes directly to the bottom of the crack and this may leads to 
deep wetting of expansive clays. Kodikara (1999) stated that, uplift forces can be generated 
through the gradual wetting of dry soil from the crack bottom, which will further contribute 
to heaving of the ground surface surrounding the crack in restrained environments. Moreover, 
it was demonstrated by Day (2006), the increase in the number of cracks in the clay will 
result in more pathways for water to penetrate into the soil, and thus accelerate the swelling 
rate. 
 
The changes in magnitude of net normal stress or matrix suction will result in volume 
changes of expansive clay (Nishimura, 2001). Higher volume changes in expansive clays lead 
to greater potential of soil cracking (Kodikara, 1999). The magnitude of the swelling of 
expansive clay has a direct correlation with dry unit weight and moisture content. Expansive 
soils may experience a dramatic loss of shear strength associated with expansion and loss of 
unit weight due to the increase of water content and subsequent release of negative pore 
pressure (Petry et al. 1989). 
 
Total suction increases when expansive clay become dry and lead to soil shrinkage while 
total suction decreases if soil is getting wet with subsequent soil expand. According to Day 
(2006), low moisture content induced high suction pressure and shrinkage crack will allow 
water to be quickly sucked in to clay, which could lead to a higher magnitude of swell. 
Remolded clay can have higher swell potential than the same undisturbed clay due to the 
rupture of inter-particle bonds that inhibit the selling and from the differences in fabric 
(Mitchell et al. 2005). 
 
      2.4.4 Expansive Soil Behavior 
 
Expansive soils were widely spread all over the world, particularly distributed in arid to semi-
humid climate zones. It was explained by Mitchell (1972) that lack of leaching in semi-arid 
regions will contribute to the formation of montmorillonite. Expansive soils are usually in an 
unsaturated state in semi-arid climates while in wet regions, soils become fully saturated and 
problems will arise when dried out. According to Chen (1988), several countries in the world, 
which include Australia, United States, Israel, India and South Arica, have reported 
infrastructure damage problems caused by the movement of expansive soils.  
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The formation of expansive soils depend on interaction of controlling factors, such as parent 
rock type, weathering and erosion, prevailing climate, local topography and drainage. It was 
estimated by Richards et al. (1983) that approximately 20% of the surface areas in Australia 
are covered by expansive soils. The distribution of moderately to highly expansive soils in 
Australia is shown in Fig. 2-6 Expansive soils include some 75 million hectares of ‘grey and 
brown soils’ and 33 million hectares of ‘black earths’. These ‘black earth’ is montmorillonite 
dominant and most of them are located within the 250 to 1000 mm isohyets, extending from 
North-Western Australia, through the eastern states and into the south eastern Australia 
(Rankin and Fairweather, 1978). In terms of volume change, it has been found that black 
earth and grey and brown soils are the most troublesome soils and these soils are distributed 
in parts of Adelaide, New South Wales, Victoria and Queensland (Hubble, 1972).  
 
 
 
Fig. 2-6 Distribution of Moderately to Highly Expansive Soils in Australia (Richards et al. 1984) 
 
According to Rogers et al. (1993), expansive soils could produce uplift pressures of as much 
as 250 kPa, which is able to damage one or two storey residential house. In Victoria, it has 
been demonstrated by Holland (1981) that moderately to highly expansive Quaternary 
basaltic clays have caused approximately half of the dwelling failure. About 40% failure is 
result from low to moderately expansive Tertiary to Ordovician clays and 75% of them are 
caused by edge drying or drying settlement due to shorter distance between trees and 
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dwelling. 10% failure is induced from potentially highly expansive clays. Six out of eight 
Australia’s largest cities are significantly affected by clay foundation soils, which realize a 
significant proportion of their expansive potential (Fityus et al. 2004). 
 
A vast number of laboratory experiments have been done on unsaturated expansive soil in the 
past 50 years (Alonso et al. 1990), mainly include oedometer testing (with or without suction 
control) and triaxial or direct shear testing. 
 
      2.4.4.1 Swelling and Shrinking 
 
Mineralogical factors control the characteristics of grained soil. Expansive clays are very 
susceptible to swelling and shrinking because of changes occurred in moisture content. Clay 
soils are comprised of small particles and thus the behavior of soil is significantly affected by 
the surface forces. The surface charges on fine-grained soils are negative anions; they attract 
anions from the positively charged side of water molecules in surrounding water. The 
presence of sufficient water molecules in the soil will bond between the clay mineral layers 
and lead to swelling of clays. On the other hand, water molecules are separated from soils 
during drought and thus cause soil shrinkage. Clay soils, such as montmorillonite can 
increase and decrease in volume by up to several hundred percent (Plummer and Carlson, 
2008). 
 
Understand the concept of volume change in soils was crucial as it causes drying settlement 
due to shrinking, centre heave due to swelling. The magnitude of swelling of the soil is 
determined from the amount of load exerted from the superstructure and the magnitude of 
soil moisture change. Chen (1998b) illustrated that environmental change could result in soil 
swelling, such as pressure release from excavation activities, desiccation due to temperature 
rise, and moisture variation induced volume change. Extremely dry clay can absorb moisture 
as high as 35% which could cause soil swelling and thus damage lightweight structures 
(Meisina, 2003).  
 
When moisture losses take place, the minute plate-like clay particles collapse and result in 
soil shrinkage. Swelling clay with high content of montmorillonite was also susceptible to 
shrinkage (Ohri, 2003). Differential settlement can be caused by soil shrinkage due to rapid 
change of underground condition (e.g., moisture loss). Moisture could be removed from soil 
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through a wide range of mechanisms, such as excavation or other works that lower ground 
water levels, long periods of low rainfall events, or low rainfall in combination with mature 
trees with a high water demand (Chen, 1998a).  
 
Accurate and precise prediction of shrink-swell potential can be made if thorough 
understanding of soil properties which affect shrinking and swelling as well as the magnitude 
of these parameters is obtained. Different methods used to study and test on shrink-swell 
potential of expansive soils were performed by many researchers and workers, such as free 
swell test (Sivapullaiah, 1998), unit swell test (Golait, 1999), shrink-swell test (Fityus et al. 
2004) and odometer test (Erzin and Erol, 2004). 
 
      2.4.4.2 Soil Suction  
 
All engineering structures founded on expansive soils are subjected to variations of suction at 
the soil surface (Lytton, 1997). Soil suction is an important parameter in describing the 
moisture stress condition of unsaturated soils. It is useful in the analysis of reactive clays 
because it is more strongly a function of the climate and vegetation than it is of soil type 
(AS2870, 2011). Soil suction is a negative pore water pressure in soil, expressed in 
picofarads (pF). The amount of suction change determines the depth to which the upward 
movement or swelling occurred (Lytton, 1997). Soil suctions can be very useful for assessing 
the quality of the samples, estimating the in-situ effective stress and realistic applications of 
unsaturated soil mechanics (Hu et al. 2010). 
 
Moisture is in a state of very high tensile stress when the soil is dry (Fityus et al. 1998). Soil 
total suction is comprised of matric suction (Eq. 2-1) and Osmotic suction (Eq. 2-2). Many 
researchers and workers are recently focus on the investigation of matric suction, more 
specifically, the relationship between water content and matric suction. Matric suction refers 
to the soil’s affinity for water at the same salinity level (AS2870, 2011) and relies upon 
capillary forces generated by the small radius of the interface between water and air within 
the voids in the soil (Walsh and Cameron, 1997). Moisture loss in soil due to evaporation will 
cause soil desiccation as well as the increase of matrix suction and as a result, moisture 
content is reduced and the subsequent soil volume shrinkage. 
 
     μ = (ua − uw )     (2-1) 
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    Ω = ρ
s
gho = RT[Cs]      (2-2) 
 
    Soil suction (pF) = 1+log [Total soil suction (kPa)]  (2-3) 
 
Where, 
μ = Matric suction (kPa), 
ua = Pore air pressure (kPa), 
uw = Pore water pressure (kPa), 
Ω = Osmotic pressure (kPa), 
ρ
s
 = Solute mass density (kg/m3), 
ho = Osmotic pressure head (m), 
 [Cs] = Molar concentration of solute (mol/L), 
g = Gravitational acceleration = 9.8 (m/s2), 
R = Universal gas constant = 8.314 (J/mol K), 
T = Absolute temperature (K). 
 
 
      2.4.4.3 Soil Suction Measurements 
 
Soil suction testing was a powerful tool in investigating expansive soil behavior for use in 
selecting foundation type and making design decisions (McKeen, 2001).  Soil suction can be 
measured both directly and indirectly. Direct methods used to measure matrix suction include 
axis-translation technique, tensiometer, and suction probe. Indirect matric suction 
measurements include time domain reflectometry (TDR), electrical conductivity sensors, 
thermal conductivity sensor and In-contact filter paper technique. Osmotic suction can be 
measured indirectly using several methods, such as saturation extract method and pore fluid 
squeezer technique. It has been demonstrated by Krahn and Fredlund (1972) that the pore 
fluid squeezer technique is the most reasonable measurement of osmotic suction. Total 
suction can be measured indirectly using thermocouple psychrometer or transistor 
psychrometer which measures the humidity that is in equilibrium with soil moisture. 
Expansive soil behavior was determined by many scientists and practitioners using various 
soil suction testing methods either in-situ or in the laboratory, such as Gardner (1937); 
Fawcett and Collis-George (1967); Al-Khafaf and Hanks (1974); Hamblin (1981); Greacen et 
al. (1987); Deka et al. (1995); Fredlund and Wong (1989); Fredlund et al. (1995); O’Kane et 
al. (1998); Marjerison et al. (2001); Nichol et al. (2003); Dalton et al. (1984); Kalinski and 
Kelly (1993); Benson and Bosscher (1999); Amente et al. (2000); Yu and Drnevich (2004); 
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Ridley and Burland (1993); Zhou and Yu (2004); Blatz (2000); Juca (1993); Meilani et al. 
(2002) and Likos et al. (2003). 
 
      2.4.4.4 Soil Suction Profile 
 
Soil suction change (∆u) is a measure of the internal stress caused by moisture in unsaturated 
clays and is given the unit pF, it is particularly useful in the analysis of reactive clays 
(AS2870, 2011). Suction is higher in arid zones since moisture is held tightly by the soil. 
Climatic variations are the primary driven force for soil moisture changes and thus cause 
changes in suction. ∆u is usually the largest at ground surface and decrease with depth.  
 
Soil suction profile was a representation of a state of physical balance between various 
processes operating to add or to subtract water at any part of the profile (Aitchison and 
Woodburn, 1969). The simplified reverse triangular suction profile has been adopted in 
AS2870 and is shown in Fig. 2-7, it assumes the reduction of suction change is linear with 
depth, however the reduction is usually more rapid in real suction behaviour. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-7 Typical Soil Suction Profile 
 
Soil suction profile is characterized by suction change at soil surface ∆us and a depth of 
design suction change (Hs). At depth of Hs, suction value remains stable along with climatic 
variation whilst the wet suction limit is jointed with dry suction limit at the equilibrium point. 
The active zone could extend from 1 to 12 m deep depending on the soil and climate (Masia 
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et al. 2004). The range of suction value can be very wide, from 2-3pF (10-100 kPa) (wet) to 
4-5pF (1000-10000 kPa) (dry).  
 
From observation, depth could be expected to range from 1m for temperate climates to 4m 
for arid climates (Fityus et al. 1998). If the field is saturated but drained, soil suction is about 
2pF (9.8 kPa), while wilting point is approximately 4.2pF (1549 kPa) depend on the type of 
vegetation (Walsh et al. 1997). Eq. 2-3 used in computing soil suction was described in 
AS2870-1996. For clay soil, the water content at wilting point was 39% and 54% for the field 
capacity (Geerts et al. 2009). 
 
      2.4.5 Factors Influencing the Behaviour of Expansive Soils 
 
The behaviour of expansive soil is affected by a lot of factors. There are several physical and 
chemical properties influences the mechanism of swelling and shrinkage in expansive clays, 
which include clay content, clay mineral type, water absorption ability, cation exchange 
capacity and some environmental factors, such as in-situ moisture condition on site and  
magnitude of surcharge load. Factors affecting the behaviour of expansive soil have been 
categorised into three groups, namely, soil characteristics (Table 2-3), environmental factors 
(Table 2-4) and stress state (Nelson and Miller, 1992). 
 
Soil characteristics affect the basic nature of the internal force field, which depends on the 
negative surface charges of clay particles and electrochemistry related reaction with water. 
Nonetheless, on the macro scale, the dry unit weight and physical arrangement of particles 
will also affect the swell potential (Nelson and Miller, 1992). Environmental factors affect 
the change of soil-water system which in turn affects the internal stress equilibrium. Stress 
state affect the change in particle spacing and thus affects the internal stress equilibrium 
(Punthutaecha, 2002).  
 
Table 2-3 Soil Factors Affect Swell-Shrink Potential of Soils (Nelson and Miller, 1992) 
Factor Description 
Clay mineralogy 
Montmorillonites, vermiculites and some mixed layer minerals 
exhibit considerable soil volume changes 
Soil water chemistry 
Increase in cation concentration and increase in cation valence 
hold back the swelling 
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Soil suction 
Soil suction is an independent effective stress variable, 
represented by the negative pore pressure in unsaturated soils. 
Soil suction is associated with saturation, gravity, pore size and 
shape, surface tension and electrical and chemical characteristics 
of the soil particles and water 
Plasticity 
Soil exhibit plastic behaviour over wide ranges of moisture 
content and that have high liquid limits exhibit greater potential 
for swelling and shrinkage 
Soil structure and fabric 
Flocculated clays tend to be more expansive than dispersed 
clays. Cemented particles reduce swell. Fabric and structure are 
altered by compaction 
Dry unit weight 
Higher unit weights usually indicate closer particle spacing, 
which may mean greater repulsive forces between particles and 
larger swelling potential 
 
 
Table 2-4 Environmental Factors Affect Swell-Shrink Potential of Soils (Nelson and Miller, 
1992) 
Factor Description 
Moisture content 
Changes in moisture in the active zone near the upper part of the 
soil profile primarily define heavy. It is in those layers that the 
widest variation in moisture and volume change will occur 
Climate 
Amount and variation of precipitation and evapotranspiration 
greatly influence the moisture availability and depth of seasonal 
moisture fluctuation. Greatest seasonal heave occurs in semi-
arid climates have pronounced short wet periods 
Ground water 
Shallow water tables provided a source of moisture and 
fluctuation water tables contribute to moisture 
Drainage and man-made 
water sources 
Surface drainage features provide sources of water at the 
surface, leaky plumbing can give the soil access to water at 
greater depth 
Vegetation 
Trees, shrubs and grasses deplete moisture from the soil through 
transpiration, and can cause the soil to be differently wetted in 
areas of varying vegetation 
Permeability 
Soils with higher permeability allow faster migration of water 
and promote faster rates of swell 
Temperature 
Increasing temperature cause moisture to diffuse to cooler areas 
beneath pavements and buildings 
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Stress history 
An over consolidated soil is more expansive than the same soil 
at the same void ration, but normally consolidated 
Loading 
Magnitude of surcharge load determines the amount of volume 
change that will occur for a given moisture content and density. 
An externally applied load acts to balance inter-particle 
repulsive forces and reduces swell 
 
 
2.5 Evapotranspiration 
 
Evapotranspiration (ET) is a primary process driving energy and water exchanges between 
the hydrosphere, atmosphere and biosphere (Priestley and Taylor, 1972). According to 
Baumgarter and Reichel (1975), in Australia, evapotranspiration consumes 90% of 
precipitation and for major reservoirs, water loss from actual evaporation represent 20% of 
reservoir yield (Hoy and Stephens, 1979). Globally, about 62% of the precipitation that falls 
on the continent is evapotranspired (~72,000 km3/yr.); 92% of which from land surfaces 
evapotranspiration and 3% from open water evaporation. (Dingman, 2002). 
 
Evapotranspiration is the combination of soil surface evaporation and plant transpiration. 
Evaporation is the process of moisture transportation from source such as liquid water, 
surface of water bodies, bare soil and canopy to the atmosphere. Transpiration is the moisture 
loss from water movement within plants and water vapour through plant stomatal cavities to 
the atmosphere. Typical hydrologic cycle along with its components are illustrated in Fig. 2-8. 
 
 
 
 
 
Fig. 2-8 Typical Hydrologic Cycle 
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There are several factors affect evapotranspiration process, such as crop factor, canopy 
characteristics, stand density (plant population), degree of surface cover, plant growth stage 
and soil moisture availability. However, ET is primarily driven by meteorological conditions. 
 
Meteorological Parameters 
 
 Air temperature: Temperature growth causes the increase of evapotranspiration rate. 
 Wind Speed: Above a certain threshold of wind speed, the plant leaf stomata are 
closed due to wind stress and hence cause decreases in ET rate. If the movement of 
air increases, evapotranspiration rate will increase as well. 
 Relative humidity: If air humidity around plants increases, less water is able to 
evaporate into that air. Hence, the increase of relative humidity will leads to the 
decrease in transpiration rate. Reduction in relative humidity result in ET increases 
since lower humidity increases the vapour pressure deficit between the vegetative 
surface and air. 
 Solar radiation: Evapotranspiration increases along with the increase of solar 
radiation. 
 
Crop Factor  
 
 Plant species: different plant types transpire water at different rates, and thus result in 
the discrepancy in evapotranspiration rates. 
 
The Moisture Availability in the Soil 
 
 Less soil water content results in less transpiration from the plant, and the subsequent 
reduction in evapotranspiration rate. 
 
There are discrepancies among terms such as potential evapotranspiration, reference 
evapotranspiration and actual evapotranspiration. Different definitions were given by 
researchers, although a few of them mix up the meaning of these terms. A detailed discussion 
is provided in the following two sections. 
 
      2.5.1 Potential evapotranspiration 
 
Potential evapotranspiration is the soil evaporation and crop transpiration under sufficient 
water supply. It is the measuring of the ability of the atmosphere to transport water from the 
surface through the evaporation and transpiration processes.  
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The term ‘potential evapotranspiration’ was first suggested by Thornthwaite in 1948 to 
define the evapotranspiration that would occur were there an adequate soil moisture apply at 
all times (Chow, 1964). In the same year, Penman (1948) developed his methodology in 
modelling evaporation of a short green crop, which denoted as ‘potential evapotranspiration 
(PET)’. The term PET was defined by Penman as “evaporation from a fresh green crop, of 
about the same colour as grass, completely shading the ground, of fairly uniform height, and 
never short of water”. According to Dingman (1992), potential evapotranspiration is “the 
rate at which evapotranspiration would occur from a large area completely and uniformly 
covered with growing vegetation which has access to an unlimited supply of soil water, and 
without advection or heating effects”.  
 
Estimating potential evapotranspiration is difficult since it presents the possible water vapour 
to the atmosphere in an ideal condition rather than the actual water vapour. Therefore, 
potential evapotranspiration is a physical process; it cannot be directly measured and must be 
determined theoretically or experimentally. 
 
Unfortunately, the concept of potential evapotranspiration may cause significant confusions 
since it does not clearly specify what ground surface it refers to (e.g., clipped grass or forest). 
To avoid ambiguities in the definition of potential evapotranspiration, it has been replaced by 
the term ‘reference evapotranspiration’ in 1970s. Evapotranspiration process take place from 
a reference surface is known as reference evapotranspiration (ETref) (Fig. 2-9). 
 
 
 
Fig. 2-9 Illustration of Reference Evapotranspiration  
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Jensen et al. (1990) define reference evapotranspiration as “the rate at which water, if 
available, would be removed from the soil and plant surface of a specific crop, arbitrarily 
called a reference crop. To ensure consistency and wider acceptance of evapotranspiration 
models, in 1999, Environmental and Water Resource Institute developed a standardized 
evapotranspiration equation (denote as ETref) by the request of Irrigation Association (IA) 
(Allen et al. 2005). This new equation introduced a standardized reference surface and is 
applied for two types of surface, short and tall. The well-defined hypothetical reference crop 
has been widely accepted among hydrologists, ecologists, engineers and scientists. Clipped 
grass (~0.12 m tall) or alfalfa (~0.5 m tall) is considered worldwide as the reference crop 
surface. Reference evapotranspiration is redefined by Allen et al. (2005) as “the 
evapotranspiration rate from a uniform surface of dense, actively growing vegetation having 
specified height and surface resistance, not short of soil water, and representing an expanse of 
at least 100 m of the same or similar vegetation”.  
 
      2.5.2 Actual evapotranspiration 
 
Actual evapotranspiration is the quantity of water evaporated from soil surface and transpired 
from crop in an actual climatic condition. It records the amount of water that is actually 
removed from a surface result from evaporation and transpiration processes. According to 
Attarod (2009), actual evapotranspiration (AET) is the main path of water loss from both 
plant and soil surface. In western United States, AET consumes approximately 70% of annual 
precipitation (Hidalgo et al. 2006). The amount of annual AET is determined by the quantity 
of precipitation, which indicates the upper bound of AET and the amount of energy available 
to convert water to vapour. There are several methods can be used to measure actual 
evapotranspiration, such as pan evaporation method. 
 
Factors such as water shortage, disease and low soil fertility are considered in distinguishing 
potential evapotranspiration and actual evapotranspiration. There are also correlations 
between these two terms which depend on the soil water content. In the humid zone, actual 
evapotranspiration is equal to potential evapotranspiration if precipitation exceeds potential 
evapotranspiration while in arid zone, when potential evapotranspiration exceeds 
precipitation; actual evapotranspiration is the sum of precipitation and the net change in soil 
moisture storage. Bergström (1992) has also described its correlations which are shown as 
follows: 
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Et = PE,   When h ≥ hFC. 
Et = PE [ 
h−hWP
hFC−hWP
 ],  When hWP < h < hFC. 
Et = 0,    When h ≤ hWP. 
 
Where, 
h  = Amount of soil moisture (mm), 
hFC  = Amount of soil moisture corresponding to field capacity (mm), 
hWP  = Amount of soil moisture corresponding to the wilting point (mm). 
 
 
2.6 Methods in Estimating Evapotranspiration 
 
Evapotranspiration can be measured directly and indirectly. Conventionally, if value of the 
parameter is quantified by the use of an instrument, it is ‘directly’ measured and when it is 
found by means of a relationship among parameters, it is ‘indirectly’ measured (Sette, 1977). 
 
There is a great variety of methods in measuring ET, some methods are more suitable than 
others for accuracy or cost or are particularly suitable for the given site and time scales. No 
single method or approach can satisfy all purposes. For ET measurement method, it is 
convenient to place the variety of methods in groups, where the main approaches are fall in 
categorizes of hydrology (e.g., based on physics of the evapotranspiration process) and 
micrometeorology (e.g., based on energy balance). For several applications, ET needs to be 
predicted; therefore it must be estimated by models. In the following sections, in terms of ET 
measurement, three methods based on hydrology approach and two methods based on 
micrometeorology approach are introduced and discussed. In terms of ET modelling, three 
commonly used equations based upon temperature method and four equations based on 
radiation method are presented. 
 
      2.6.1 ET Estimation by Measurement  
 
      2.6.1.1 Hydrological Approaches 
 
Evapotranspiration can be measured by monitoring the soil water change in a specific depth 
over a given period associate with the measurement of other components (i.e. precipitation, 
irrigation, and runoff) of the water balance. At present, neutron probes are the most accurate 
27   CHAPTER 2 
 
soil water sensing method (Evett, 2007). However, capillary rise, fluctuating water tables, and 
subsurface drainage present even greater challenges with this method (Nachabe et al. 2005). 
Moreover, the spatial non-uniformity of rooted crops, such as orchards, also becomes a 
challenge when defining a representative depth for sensor placement (Choi and Jacobs, 2007). 
 
1. Soil Water Balance 
 
Soil water balance is an indirect method. ET can be obtained as a residual term in the water 
balance equation shown in Eq. 2-4. This equation is based on the principle of conservation of 
mass in one dimension applied to the soil. 
 
 
    P + I + W – ET – R – D = ±[∆S]
0
r
    (2-4) 
 
 
Where, 
ET = Evapotranspiration (mm), 
P = Precipitation (mm), 
I = Irrigation (mm), 
W = Contribution from water table upward (mm), 
R = Surface runoff (mm), 
D = Drainage (mm), 
∆S = Soil water storage (mm). 
 
This method can be applied to a small plot of 10m2 or a large catchment of 10km2, the 
monitoring period ranges from few days to a year. As it is hard to measure each term 
accurately in Eq. 2-4, assumptions may be made but will affect the accuracy of ET 
measurement. To illustrate, irrigation water supply is known and precipitation can be 
obtained by rain gauges, all other parameters, however, need to be measured.  
 
2. Evaporation Pan 
 
This method is a long-established and well-recognized method which can be applied directly; 
it measures water level changes over time for a sample of open water in a “pan” with well-
specified dimensions and calibration. It is applicable to a plot around 10m2 in size and is 
mainly used for crop ET estimates. This method is heavily relies on the validity of an 
extrapolated calibration factor. Fig. 2-10 shows the US Class A pan which is most commonly 
used in the United States. 
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Fig. 2-10 US Class A Pan 
 
 
3. Lysimetry 
 
Lysimetry is widely accepted for the measurement of ET and can be used to compare and 
validate other ET methods and models. Lysimeters can be weighing and non-weighing where 
measurements of the soil water balance are required in non-weighing lysimeters. Howell et al. 
(1991) stated that weighing lysimeter can measure ET directly by the mass balance of the 
water while non-weighing lysimeter determine ET indirectly by volume balance. 
 
In the past, weighing lysimeters have always been considered as a suitable tool to correctly 
measure evapotranspiration (Tanner, 1967). Weighing lysimeter is able to precisely measure 
the changes of soil water while measuring precipitation to and drainage from the soil over 
short periods by weighing the entire lysimeter mass. Weighing lysimeters is installed in the 
cultivated soil site; the sensor is able to measure the weight variation due to ET and variation 
is often measured by means of an electronic sensor (i.e. load cell). According to Perrier et al. 
(1974), in temperate regions, ET can be measured on a daily basis with an accuracy of about 
10% while at an hourly basis; the accuracy can increase to 10–20% (Allen et al. 1991). 
 
There are several factors influences the measurements of ET with lysimeters, such as 
environmental problems and lysimeter rim. To illustrate, in arid climate, the heating of 
metallic rim from radiation causes micro-advection of sensible heat into the lysimeter canopy. 
There are many potential sources of errors in lysimetry, thus it is essential to understand 
when to accept or reject lysimeter data under specific circumstance. Discussion of important 
factors of ET measurement with lysimetry is presented in Howell (2004). 
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There are also some disadvantages of ET measurement using weighing lysimeter. For 
example, in regions with deep soil, it does not take into account the effects of the total soil 
available on the plant growth. Nonetheless, modern high-precision lysimeters are quite 
expensive (Approx. $50,000) and require expert supervision. 
 
      2.6.1.2 Micrometeorological Approaches 
 
Micrometeorological approach is the process governing the transfer of energy and matter 
between the surface and atmosphere. 
 
1. Energy Balance and Bowen Ratio 
 
Evapotranspiration can be measured as a residual term in the energy budget equation (Eq. 2-5). 
This method assumes the same turbulent diffusion coefficient for sensible heat and latent heat 
in the lower atmosphere in all conditions of atmospheric stability. 
 
 
     Rn – G = H + λE     (2-5) 
 
 
Where, 
Rn = Net radiation (MJ/m2/day), 
G = Soil heat flux density (MJ/m2/day), 
H = Sensible heat flux (MJ/m2/day), 
λE = Latent heat flux density (MJ/m2/day). 
 
Net radiation Rn can be directly measured by net radiometers or use the expensive four 
component system to obtain short-wave and long-wave radiation balance (Brotzge and 
Duchon, 2000). In reality, however, Rn is often estimated from solar radiation with the aid of 
temperature data (Jensen et al. 1990). Soil heat flux G can be directly measured by soil heat 
flux plates (Fuchs, 1986). In practice, it is estimated from Rn or assumed negligible in daily 
calculations. According to Batchelor (1984), potential source of uncertainties in ET 
estimation are existed since Rn and G are not always available from weather stations. 
 
The Bowen ratio energy budget method is widely used for estimation of ET from measured 
height differences in temperature (∆T) and humidity (∆e), associate with measured Rn and G 
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value. Bowen ratio β is an indirect method and is defined as the ratio of sensible heat flux H 
to latent heat flux density λE as follows, 
 
     
H
E


                    (2-6) 
 
Bring Eq. 2-5 into Eq. 2-6 to give, 
 
     n
R G
E
1





                   (2-7) 
 
Where, 
Rn = Net radiation (MJ/m2/day or MJ/m2/hour), 
G = Soil heat flux density (MJ/m2/day or MJ/m2/hour), 
β = Bowen ratio, can be calculated as,  γ
∆T
∆e
 . 
 
The Bowen ratio energy budget method is simple and can be used to evaluate alternative ET 
measurements or model estimates (Payero et al. 2003). However, problem occurs when   
temperature and humidity gradients are too low. This is overcome by using: just one 
hygrometer that measures alternatively the humidity of air pumped from different heights 
(Cellier and Olioso, 1993) and the spatial averaging systems (Bausch and Bernard, 1992). 
 
2. Eddy Covariance 
 
The eddy correlation method has surpassed the Bowen ratio energy budget method and has 
become a preferred means of micrometeorological for ET measurement since it involves 
minimal theoretical assumptions (Shuttleworth, 1993). This method is applicable for a field-
scale in research applications. ET can be measured directly, the measurement requires precise, 
fast response (~10 Hz) sensors of vertical wind speed, temperature, and humidity, and 
electronic computation of the correlation between vertical air motion and the constituent of 
interest to deduce the flux (Campbell and Norman, 1998). 
 
The following equation can be employed for the estimation of ET at an hourly basis (e.g., 15 
to 60 minutes). ET is calculated from the correlation coefficient between fluctuations in 
vertical wind speed (w′)and vapour density (q′)measured at high frequency (~10 Hz) at the 
same location. 
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     𝜆E = 𝜆w′q′      (2-8) 
 
Where, 
𝜆E = Latent heat flux density (MJ/m2/day), 
w′ = Vertical wind speed (m/s), 
q′ = Vapour density (g/m3). 
 
Vertical wind speed can be measured by sonic anemometer and fast response ultraviolet or 
infrared hygrometer is used for vapour density measures. In practice, commercial fast 
hygrometer is susceptible to moisture and thus they can only be installed in daytime and this 
brings difficulties for long-term data records. There are mainly two sources of errors by the 
use of eddy covariance method, according to Foken and Wichura (1996), the first one is the 
deviations from the theoretical assumptions and the other is the problem of sensor 
configuration and meteorological characteristics. 
 
      2.6.2 ET Estimation by Modelling 
 
In situation where the available instrumentation or resources are not adequate to allow ET to 
be measured, the introduction of ET modelling is essential. There are approximately 50 
models available to estimate evapotranspiration (Grismer et al. 2002). These approaches 
range from very simple equation which requires only one or two meteorological parameters 
to more complicated and accurate models. However, those approaches derive inconsistent 
results due to different assumptions made and diverse input parameters required.  
 
Two ET estimation approaches has been widely applied, namely temperature based method 
and radiation based method. Three commonly used equations based upon temperature method 
and four equations based on radiation method were introduced. Metrological parameters 
required in calculating ET for each method are illustrated in Table 2-5. 
 
Table 2-5 Climatic Parameters Required by Each Method in Estimating ET 
   
               Methods 
 
 Parameters 
 
Temperature based ET Radiation based ET 
Thornthwaite 
(1948) 
(Eq. 2-9) 
Hamon 
(1963) 
(Eq. 2-10) 
Hargreaves 
-Samani 
(1985) 
(Eq. 2-11) 
Priestley-
Taylor 
(1972) 
(Eq. 2-12) 
ASCE PM 
(1990)  
(Eq. 2-13) 
FAO -56 PM 
(1998)  
(Eq. 2-14,  
2-15) 
ASCE 
Standardized 
PM (2005) 
(Eq. 2-16) 
Time Step M D D or M D or M H or D H or D H or D 
Max. Air Temp.        
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Min. Air Temp.        
Solar Rad.        
Wind Speed        
Max. Relative 
Humidity 
       
Min. Relative 
Humidity 
       
Sunshine Hrs.         
Daytime Length        
Latitude 2 1 1  1 1 1 
Elevation        
Note:  M=Monthly, D=Daily, H=Hourly, 
1.  To compute the sunset hour angle, 
2.  To compute the day length correction factor. 
 
 
 
      2.6.2.1 Three Temperature Based Methods 
 
1. Thornthwaite Method (Thornthwaite,1948)  
 
Thornthwaite introduced his potential evapotranspiration method in 1948, which was based 
upon global climate pattern distribution and the concept of plant physiology relating to 
moisture availability (Jewell and Mitchell, 2009).  
 
 
     '
30
i i
i i
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e e
 
  
 
       (2-9) 
 
Where, 
ei' = Adjusted Potential evapotranspiration for month i (cm), 
ei  = Unadjusted Potential evapotranspiration (cm) for month i and where, 
ei = 1.6 ( 
10 ti
Hy
 )
a
, 
ti = Mean monthly temperature in 
°C, calculated as the average of tmax and tmin, 
hi = Heat Index for month i,  hi  0.2ti1.514,   
Hy = Annual heat index, determined by summing the 12 monthly heat index, 
a 6.7510-7Hy3 7.7110-5 Hy20.017921 Hy0.49239 and 0 < a <4.25, 
Di = Day length correction factor for month i, 
Ni = Number of days in month i. 
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Table 2-6 Mean Possible Duration of Sunlight - Southern Hemisphere (Day Length Correction 
Factor in Units) of 30 Days of 12 Hours (Thornthwaite, 1948) 
Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
20 1.14 1.00 1.05 0.97 0.96 0.91 0.95 0.99 1.00 1.08 1.09 1.15 
25 1.17 1.01 1.05 0.96 0.94 0.88 0.93 0.98 1.00 1.10 1.11 1.18 
30 1.20 1.03 1.06 0.95 0.92 0.85 0.90 0.96 1.00 1.12 1.14 1.21 
35 1.23 1.04 1.06 0.94 0.89 0.82 0.87 0.94 1.00 1.13 1.17 1.25 
40 1.27 1.06 1.07 0.93 0.86 0.78 0.84 0.92 1.00 1.15 1.20 1.29 
Note:  Victoria is positioned between latitude 30 and latitude 40.  
 
This method requires less input data which is readily available and can be obtained from most 
of the weather observation stations in Australia. Temperature is the primary input parameter 
which is applied on a monthly basis. A derived adjustment factor is employed to correct for 
site latitude (Table 2-6) and month length. Detailed methodology in deriving Thornthwaite 
ET was described in Chow (1964). Due to its simplicity, this model has been widely used by 
researchers such as Chan and Mostyn (2008, 2009); Fox (2000, 2002); Mitchell (2012, 2013); 
Jewell and Mitchell (2009); McKeen and Johnson (1990); Fityus et al. (1998) and Er and 
Rifat (2014). 
 
2. Hamon Method (Hamon,1963)  
 
Hamon has produced his potential evapotranspiration model based on mean daily 
temperature which is expressed in Eq. 2-10. This equation is applied on a daily time step and 
it is assumed evapotranspiration is only occurring during the daylight period. This method 
allows ET is non-zero when the mean air temperature below 0°C, however, it produces 
essentially the same annual total as that of the Thornthwaite method (Federer and Lash, 1983). 
Hamon (1961) demonstrated that this equation has produced the excellent estimates of 
seasonal and annual averages for irrigated areas. 
 
 
    PET = 0.1651  Ld  RHOSAT  KPEC           (2-10) 
 
 
Where, 
PET = Daily potential evapotranspiration (mm), 
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Ld = Daytime length, which is time from sunrise to sunset in multiples of 12 hours, 
RHOSAT is the saturated vapour density (g/m3) at the daily mean air temperature (T), 
ESAT is the saturated vapour pressure (mb) at the given T, 
RHOSAT = 216.7 
ESAT
( T + 273.3)
 , 
ESAT = 6.108 e( 
17.27T 
T + 237.3
 ) , 
KPEC = Calibration coefficient. 
 
Hamon model has been widely accepted and applied for large scale ET estimation due to its 
simplicity and readily available input parameters. According to Rao et al. (2011), although 
Hamon method was easy to use, especially for regions lacking detailed weather parameter, it 
underestimated forest ET in a humid environment. 
 
3. Hargreaves-Samani Method (Hargreaves-Samani,1985)  
 
This is a grass-related evapotranspiration equation which is derived based on several 
modifications of Hargreaves (1975) equation; the resulting form is shown in Eq. 2-11. To 
avoid the collection of solar radiation (Rs) data, Hargreaves and Samani (1985) suggested 
estimate extraterrestrial radiation (Ra) to obtain Rs and thus only mean maximum and mean 
minimum air temperature are required in computing ET. This method is applied in different 
time periods (e.g., daily, weekly, 10-day, or monthly) and it is able to consistently produce 
accurate estimation of evapotranspiration and in some cases, much better than estimation 
made using other methods (Hargreaves and Samani, 1982). However, it may overestimate ET 
if soil is under high humidity conditions (Allen et al. 1998). 
 
 
    PET 0.0023 Ra TD0.5  (T 17.8)            (2-11) 
 
 
Where, 
PET = Daily potential evapotranspiration (mm), 
 Latent heat of vaporization (MJ/kg), 
T = Daily mean air temperature (°C), 
TD = Daily difference between the maximum and minimum air temperature (°C), 
Ra = Extraterrestrial solar radiation (MJ/m
2/day), 
Ra = 15.392dr (wssinøsinδ+cosøcosδsinws), 
Ø = Latitude (degree), 
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δ = Solar declination (radians), 
ws = Sunset hour angle (radians), 
ws = arcos(−tanø tanδ), 
dr = Relative distance between the earth and the sun, 
dr = 1+0.033cos ( 
2πJ
365
 ), 
J = Julian day. 
 
      2.6.2.2 Four Radiation Based Methods 
 
1. Priestley-Taylor Method (Priestley-Taylor,1972) 
 
The Priestley-Taylor equation is a modified form of Penman‐Monteith (Monteith, 1965) 
model as expressed in Eq. 2-12. This method introduced a dimensionless empirical multiplier 
(α), known as Priestley-Taylor coefficient which allows ET to be calculated in terms of 
energy flux. Besides, Eq. 2-12 has replaced the aerodynamic term in Penman‐Monteith 
equation. This method has been found particularly useful in calculating daily or monthly 
evapotranspiration where weather inputs for the aerodynamic term (e.g., relative humidity, 
wind speed) are unknown. The value of the multiplier (α), estimated by Priestley and Taylor, 
is usually taken as 1.26 in humid regions and this estimation employed parameters from both 
moist vegetated and water surface (Morton, 1983). According to De Bruin and Keijman 
(1979), α may experience seasonal and spatial variation depending on the climate studied. It 
is recommended by Morton (1983) that the value of α may increase slightly to 1.32 for 
vegetated regions as a consequence of the increase in surface roughness. The highest α value 
up to 1.74 is suggested in estimating ET in more arid locations (Jensen et al. 1990). 
 
 
     nλPET R G
γ


 

              (2-12) 
 
Where, 
PET = Daily potential evapotranspiration (mm), 
 = Latent heat of vaporization (MJ/kg),  is in a range of 2.501– 0.002361 T, 
T = Daily mean air temperature (°C), 
α = Calibration constant, α is 1.26 for wet or humid conditions, 
Δ = Slope of the saturation vapour pressure temperature curve (kPa/°C) and where, 
Δ = 0.200 (0.00738 T + 0.8072)7 – 0.000116, 
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Rn = Net radiation (MJ/m
2/day), 
G = Heat flux density to the ground (MJ/m2/day), 
G = 4.2
 (T𝑖+1−T𝑖−1)
 ∆t
 = 4.2
(T𝑖−1−T𝑖+1)
 ∆t
 , 
Ti = Mean air temperature (
°C) for the period i, 
∆t =The difference of time (days) between two periods, 
γ = The psychrometric constant modified by the ratio of canopy resistance to 
γ = atmospheric resistance (kPa/°C),  
γ = 
Cpp
 0.622
 , 
Cp = Specific heat of moist air at constant pressure (kJ/kg/
°C),  
Cp = 1.013 kJ/kg/
°C = 0.001013 MJ/kg/°C, 
P = Atmospheric pressure (kPa) and where, 
P = 101.3  0.01055 EL, EL is the elevation (m). 
 
2. ASCE Penman-Monteith Method (Jensen et al. 1990)  
 
This method is derived from the Penman-Monteith equation (Monteith, 1965) which 
incorporates resistance parameters to be functions of vegetation height (Allen et al. 1998; 
Jensen et al. 1990). Reference surface crop ETo (e.g., grass of 0.12 m tall and alfalfa of 0.50 
m tall) has been introduced in this method. ETo is computed in a daily time step. Six 
important terms will need to be determined to conduct ETo computation, which include 
temperature, wind speed, humidity, solar radiation, latitude of weather station and duration of 
sunshine hours in a day.  
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Where, 
ETo = Grass reference evapotranspiration (mm/day or mm/hour),  
Ktime= Units conversion, equal to 86,400s/ day
 for ET in mm/day and equal to 3600s/hour  
ETo = for ET in mm /hour, 
es-ea = Vapour pressure deficit of the air (kPa), 
Rn = Net radiation (MJ/m
2/day or MJ/m2/hour),  
G = Soil heat flux (MJ/m2/day or MJ/m2/hour),  
es = Saturation vapour pressure of the air (kPa),  
37   CHAPTER 2 
 
ea = Actual vapour pressure of the air (kPa),  
ρa = Mean air density at constant pressure (kg/m3),  
Cp = Specific heat of the air (MJ/kg/
°C),  
Δ = Slope of the saturation vapour pressure temperature relationship (kPa/°C),  
γ = Psychrometric constant (kPa/°C), 
rs = (Bulk) surface resistance (s/m),  
ra = Aerodynamic resistance (s/m),  
 = Latent heat of vaporization, (MJ/kg),  
ρw = Density of water, (Mg/m3) (taken as 1.0 Mg/m3), 
 
 
This method has good accuracy because of wide variety of parameters considered in 
calculation, but it is not the most accurate method. For example, rs value is a constant 
dependent upon the type of vegetation on site. If ETo over a large area with variety of 
vegetation is considered, then rs value for that area has to be estimated. It is sometimes 
difficult to accurately estimate rs, especially if the area contains spots not covered by 
vegetation (Ward, 1999).  
 
3. FAO -56 Pennan - Monteith Equation (Allen et al. 1998)  
 
FAO-56 PM equation, also known as the ‘grass reference equation’ was derived from ASCE 
Penman-Monteith equation (Eq. 2-13). Diverse meteorological parameters (e.g., net radiation, 
air temperature, vapour pressure deficit and wind speed et al) related to the 
evapotranspiration process have been taken into account in this method and it gives very 
good results when compared to data from lysimeters populated with short grass (Allen et al. 
2006). This method can be used to compute daily (Eq. 2-14) and hourly (Eq. 2-15) ETo with 
an assumed crop height of 0.12 m, a fixed surface resistance of 70 s/m and an albedo value of 
0.23. It also defines 2m to be the height of wind measurement (zw), humidity or air 
temperature measurement (zh). Difficulties may be encountered if ETo is estimated at the 
regional scale, because wide variety of meteorological parameters are required by this 
approach (Rao et al. 2011). A detailed computation procedure was given in FAO Irrigation 
and Drainage Paper No. 56 (Allen et al. 1998). 
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Where, 
ETo = Grass reference evapotranspiration (mm/day), 
Rn = Net radiation at the crop surface (MJ/m
2/day), 
G = Soil heat flux density (MJ/m2/day), 
T = Mean daily air temperature at 2 m height (°C), 
Thr = Mean hourly air temperature at 2 m height (
°C), 
u2 = Wind speed at 2 m height (m/s), 
es = Saturation vapour pressure (kPa), 
ea = Actual vapour pressure (kPa), 
es-ea = Vapour pressure deficit (kPa), 
Δ = Slope of saturation vapour pressure temperature relationship (kPa/°C), 
γ = Psychrometric constant (kPa/°C). 
 
4. ASCE Standardized Penman-Monteith Equation (Allen et al. 2005)  
 
ASCE standardized equation (Eq. 2-16) for a hypothetical reference crop, was developed 
based on the FAO-56 PM equation (Eq. 2-14). It takes h = 0.12m (similar to grass) for short 
reference crop and h = 0.50m (similar to alfalfa) for tall reference crop. The calculation of 
reference evapotranspiration requires several meteorological parameters, such as air 
temperature, vapor pressure, solar radiation, and wind speed. For simplification, 2.45MJ/kg is 
used for latent heat of vaporization and 0.23 is adopted for albedo of reference surfaces. The 
equation assumes the height of zw and zh were measured in a range of 1.5 to 2.5 m above the 
ground. The coefficients in the standardized equation presume that grass surface have a 
vegetation height of 0.1-0.2m of which climate parameters are measured.  
 
The accuracy of the computed ETref is dependent on the quality of data collected. If some of 
the required meteorological data are missing, it will directly affect the quality of ETref. The 
standardized method provides procedures for the estimation of the missing data, which 
include the estimation of temperature, solar radiation, vapor pressure, and wind speed data. 
The level of accuracy for the estimated parameters depends upon the quantity and quality of 
data used. The form of the standardized reference evapotranspiration equation is expressed 
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in Eq. 2-16. It can be applied on an hourly and the daily time steps. The value of Cn and Dn 
for all time steps is described in Table 2-7. Refer to Allen et al. (2005) for the detailed ETref 
calculation procedures.  
 
Table 2-7 Values for Cn and Cd (Allen et al. 2005) 
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Where, 
ETref = Short (ETo) or tall (ETr) reference crop evapotranspiration (mm /day for daily time 
ETref = steps or mm/ hour for hourly time steps),  
Rn = Net radiation at the crop surface (MJ/m
2/day for daily time steps or MJ/m2/hour for 
Rn = hourly time steps),  
G = Soil heat flux density at the soil surface (MJ/m2/day for daily time steps or  
Rn = MJ/m
2/hour for hourly time steps),  
T = Mean daily or hourly air temperature at 1.5 to 2.5m height (°C),  
u2 = Mean daily or hourly wind speed at 2m height (m/s),  
es = Mean saturation vapour pressure at 1.5 to 2.5m height (kPa); for daily computation,  
Rn = value is the average of es at maximum and minimum air temperature,  
ea = Mean actual vapour pressure at 1.5 to 2.5m height (kPa),  
Δ = Slope of the vapour pressure-temperature curve (kPa/°C),  
γ = Psychrometric constant (kPa/°C),  
Cn = Numerator constant for reference type and calculation time step,  
Cd = Denominator constant for reference type and calculation time step. 
 
As discussed above, there are a number of methods to compute ET. However the values 
calculated from various approaches were significantly different from each other due to 
diversity of input parameters. Greater differences were found among the temperature based 
methods than the radiation based methods (Sun et al. 2005). 
Calculation Time Step Short Reference( ETo) Tall Reference( ETr) 
 Cn Cd Cn Cd 
Daily or monthly 900 0.34 1600 0.38 
Hourly during daytime 37 0.24 66 0.25 
Hourly during night time 37 0.96 66 1.7 
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2.7 Thornthwaite Moisture Index (TMI) 
 
Climate had been classified in terms of general descriptive observations before a climate 
system (Table 2-8) was proposed by an American climatologist, Charles Warren 
Thornthwaite in 1931. This system quantifies climate and divides climate into five zones for 
the United States, with associate vegetation type which is determined from the P-E Index.  
This index can be obtained by sum of the monthly P/E values, where P is the total monthly 
precipitation and E is the total monthly evaporation. 
 
Table 2-8 Correlation between Five Major Province, Vegetation and P-E Index  
(Thornthwaite, 1931) 
Humidity Province Characteristic Vegetation P - E Index 
A - Wet Rain forest 128 and above 
B - Humid Forest 64 to 127 
C - Sub-humid Grassland 32 to 63 
D - Semiarid Steppe 16 to 31 
E - Arid Desert Less than 16 
 
In 1948, the climate system was modified by taking into account plants demand to the 
available precipitations, which is known as potential evapotranspiration (PET). Since 
difficulties were maintained in determine PET, humidity (Ih) and aridity (Ia) index were 
introduced to define water surplus or deficit in terms of the water need or water consumed. 
The revised climate system used Thornthwaite Moisture Index (TMI) to describe various 
climate types shown in Table 2-9. 
 
 
Table 2-9 Climate Type Classifications by Thornthwaite (Thornthwaite, 1948) 
Climate Type Thornthwaite Moisture Index 
A Perhumid >100 
B4 Humid 80 to 100 
B3 Humid 60 to 80 
B2 Humid 40 to 60 
B1 Humid 20 to 40 
C2 Moist sub-humid 0 to 20 
C1 Dry sub-humid -20 to 0 
D Semi-arid -40 to -20 
E Arid -60 to -40 
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Historically, TMI as a climate indicator has been widely used in estimating climatic variations. 
It is mainly a function of rainfall and potential evapotranspiration. This climatic parameter is 
dimensionless and is expressed in a number that can be used to indicate climatic condition for 
a particular location. Negative index present an arid climate with less moisture in soil while 
humid climate with higher soil moisture is expressed in positive index, zero index means 
there is no net soil moisture change for the study periods.  
 
TMI is a yearly index, it can be calculated by average the annual TMI which is analysed in a 
statistically significant number of years to allow a true climatic condition to be obtained for a 
particular region. It is important to note that TMI value will vary upon different equations, 
methods and study periods employed. 
 
      2.7.1 TMI Applications  
 
TMI as a meteorological parameter has been widely accepted in engineering related activities 
because of its simplicity and practicality, and it has been employed by many scientists, 
researchers and practitioners for diverse purposes. These include  
 Russam and Coleman (1961) who used TMI to estimate long term equilibrium suction 
for pavements and foundations. The correlation between TMI and subgrade suction is 
presented by three curves (e.g., sands, pumice soils and heavy clays); 
 Aitchison and Richards (1965) developed the first TMI-based isopleth map for 
Australia (Fig. 2-11);  
 Wray (1978) employed TMI for prediction of the horizontal moisture variation 
distance for slab-on-ground foundations; 
 McKeen and Johnson (1990) used TMI to estimate moisture diffusion rate in 
unsaturated soils;  
 Smith (1993) proposed empirical relationship between TMI and depth of design 
suction change (Hs) based on three points of data;  
 Thornthwaite (1948), Fityus et al. (1998), Walsh et al. (1998), Fox (2002), Chan and 
Mostyn (2008) and Lopes and Osman (2010) delineated TMI-based contour map for 
the United States (Fig. 2-12), Hunter Valley, South East Queensland and South 
Western Australia, Queensland, Sydney and Victoria respectively;  
 More recently, Mitchell (2012) employed TMI to estimate Hs needed for ground 
surface movement (ys) prediction, along with the effects of tree to carry out the 
footing design. 
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Fig. 2-11 TMI Based Contour Map for Australia (Aitchison and Richards, 1965) 
 
 
 
 
Fig. 2-12 TMI Based Contour Map for the United States (Thornthwaite, 1948) 
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      2.7.2 The Development of TMI Equations  
 
The original equation (Eq. 2-17) used to calculate TMI was developed by C. W. Thornthwaite 
in 1948. This equation has been widely adopted for TMI estimation by many researchers over 
the past several decades. Aitchison and Richards (1965) employed this equation to conduct 
TMI calculation and the results were used for delineation of the first TMI map of Australia. 
TMI contour maps for Melbourne and Victoria presented in Australian Standard for 
Residential Slabs and Footings (i.e. Figure D1 and D2 in AS2870-2011) were also developed 
based on Eq. 2-17 (Fityus et al. 2008). Over the last 15 years, this equation has been used by 
many researchers to develop TMI isopleth maps for New South Wales, Victoria, Sydney and 
Queensland (Lopes and Osman (2010); Chan and Mostyn (2008) and Fox (2000)). 
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Where, 
Ih = Humidity index = 100 (
R
 PET 
), 
Ia = Aridity index = 100 (
D
 PET
), 
D = Moisture deficit (mm), indicate that water cannot be evapotranspired from a dry site  
D = because it is not available, 
R = Moisture surplus / runoff (mm), indicate that water cannot infiltrate a wet site, 
PET = Adjusted potential evapotranspiration (mm). 
 
Eq. 2-17 was developed based on the assumption that rainfall would continue to enlarge a 
“zero” storage, regardless the level of storage, until it is saturated. The coefficient of water 
surplus and deficit is based on the idea that, 6 inches (15.24 cm) moisture surplus in one 
season will compensate 10 inches (25.4 cm) deficiency in another, this was explained by 
Thornthwaite (1948), the reason is simply because water is harder to be extracted from soil 
profile than it is entering. This equation has been widely used in calculating TMI by many 
researchers, including Chan and Mostyn (2008, 2009); Lopes and Osman (2010); Fox (2000 
and 2002); Mitchell (2012 and 2013); Jewell and Mitchell (2009) and McKeen and Johnson 
(1990). 
 
In 1955, Thornthwaite and Mather have revised this equation by neglect the coefficient of 0.6 
for aridity index, to give, 
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     ahTMI I I                 (2-18) 
 
Eq. 2-17 and 2-18 require TMI to be computed on a yearly basis and there is a need to carry 
out the water-balance analysis. The term water-balance refers to the balance between the 
income of water from precipitation and the outflow of water by evapotranspiration 
(Thornthwaite, 1948). This approach requires initial and maximum water storage information 
for the study site. However, those data are difficult to obtain and some of them are never 
existed, thus assumptions should be made for these values. Mather (1974) assumed that 
rainfall would not augment the depleted storage and there was no net change in soil water 
storage over long-term. Thus it gives, R = PAET and D = PETAET (Actual 
evapotranspiration), and Eq. 2-18 can be writted as, 
 
     
P
1
PET
100TMI
 
 
 
              (2-19) 
 
Where, 
P = Annual precipitation, 
PET = Adjusted potential evapotranspiration. 
 
The calculation of TMI based on Eq. 2-17 or 2-18 is computationally intensive since 
numerous parameters are required. Eq. 2-19 leads to a major simplification with only 
monthly precipitation and temperature data required. It eliminates the need to carry out the 
water-balance approach which is required in Eq. 2-17 and 2-18. Due to its simplicity, Eq. 2-
19 has been employed by many researchers (e.g., McCabe and Wolock, 1992; Fityus et al. 
1998) and National Institute of Water and Atmosphere Research (Brown et al. 2003) to 
calculate TMI.  
 
In 2006, Witczak developed a different version of TMI equation (Eq. 2-20) as part of a 
National Cooperative Highway Research Program (NCHRP) study for the Mechanistic 
Empirical Pavement Design Guide (MEPDG) (Witczak et al. 2006). In the calculation, if 
mean monthly temperature is below 0, set it to 0; if TMI is larger than 100, then set it to 100. 
This equation was recently used by Er (2014) for climate classification of Oklahoma in the 
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United States. It seems that no researcher has applied this equation for climate classification 
of Australia. 
 
     
P
1 10
PET
75TMI
 
  
 
             (2-20) 
 
Where,  
P = Annual precipitation,  
PET = Adjusted potential evapotranspiration. 
 
 
      2.7.3 Methodology of TMI Computation  
 
According to literature and the most updated publications, there are two possible methods to 
compute TMI, namely the ‘year-by-year’ method and the ‘average year’ method. Most 
researchers such as Chan (2008) and Fox (2000) have employed the former one to derive TMI 
while just a few (e.g., Fityus et al. 1998) adopted the latter one for TMI computation. A 
flowchart (Fig. 2-13) has been developed to compare the similarities and differences between 
these two methods. 
 
1. Year by Year Analysis 
 
To begin with, collect long term fully recorded monthly precipitation and temperature data 
from the nearest weather observation stations. In the meantime, monthly potential 
evapotranspiration value can be derived using temperature data collected. Then, the water 
balance analysis (Fig. 2-14) for each month over a year (from January to December) can be 
carried out and TMI for a particular year is obtained. Repeat this process for a statistically 
significant number of years (e.g., 20years) use fully recorded historical data. Lastly, average a 
set of yearly TMI to get the mean for a particular site. This method requires that both 
temperature and rainfall data are available for the same year, but this does not always occur. 
Guide for conducting the water balance analysis was given in Fityus et al. (1998) and 
McKeen and Johnson (1990).  
 
Attention need to be drawn when carry out water balance analysis due to the need to make 
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assumption for initial and maximum storage. The estimated TMI value become relatively 
insensitive to the assumed storage value if analysis is carried out based on long-term data 
records. However for records of a shorter duration, the TMI may be affected significantly 
(Fityus, 2008). 
 
 
 
 
 
Fig. 2-13 Decision Tree for Moisture Balance Computation (McKeen and Johnson, 1990) 
Note: Initial (So) and maximum (Smax) water storage will need to be assumed. So varies on climate 
 types and site condition whereas Smax depends on soil type. Value of 10cm for Smax was employed 
 by many workers, such as Thornthwaite (1948); Aitchison and Richards (1965) and Wray (1978).  
 
2. Average Year Analysis 
 
First of all, collect monthly precipitation and temperature data for the study period and then 
average them from January to December. The monthly mean precipitation and temperature 
value obtained is the presentation of the average condition for that particular month in the 
study period. Next, calculate potential evapotranspiration by employing the mean 
temperature data. After that, carry out the water balance analysis over only one year period 
and this yields an average TMI value for a particular site.  
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Fig. 2-14 TMI Derivation Using Year by Year Method and Average Year Method 
 
It is important to note that it is possible to derive a unique TMI value in a particular site for 
any given study periods while there is no single TMI for a particular site. 
 
 
2.8 Australian Standard AS2870 and Its Limitations 
 
Research into expansive soil behaviour has been carried out in Australia since the late 1950’s, 
the outcome of much of the Australian research was an Australian standard. The Australian 
Residential Slabs and Footings Standard AS2870 was first published in 1986 followed by two 
editions published in 1996 and 2011. Since 1986, Australian footing design and construction 
practices have been guided by AS2870. Common to the three versions of the Standard, sites 
are classified according to soil profile and regional climate influence on soil moisture state. 
Year by Year Method  
Collect Fully Recorded 
Monthly Precipitation and 
Temperature Data 
Compute PET Value 
Average Precipitation and 
Temperature                     
Data 
Compute PET Value 
Carry Out Water Balance 
Analysis over One Year 
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TMI Value for a Particular 
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Analysis for Each Month 
over a Year 
Repeat This Process for the 
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Site classification is based on ys, the predicted design site surface movement, over the life of 
the house, which is based on design soil suction change profiles for different climatic regions 
of Australia. 
 
The standard design is not applicable to: 
 
 Class E or P sites, such as extremely reactive, filled and abnormal moisture sites  
 Buildings longer than 30m 
 Slabs containing permanent joints (e.g., contraction or control joints) 
 Two storey building with suspended concrete first floor, expect for A and S sites 
with some restrictions 
 Construction of three of more storeys 
 Two storey building in excess of height limitations 
 Buildings with large concentrated loads 
 Earth or stone masonry wall exceeding 3.0 m high 
 
      2.8.1 Depth of Design Soil Suction Change (Hs) 
 
The depth of soil suction change is the depth below which no significant seasonal suction 
changes and hence no volume changes occur in response to climate. The depth of the soil 
suction change for design purposes can be obtained from the climatic map of Victoria and 
Table 2.4 presented in AS2870. The depth of design suction change, Hs (Fig. 2-7) is one of 
the essential parameters for calculation of the design site surface movement ys. Wetter 
climate condition results in smaller drying depth of about 1 m while greater drying depth 
occurs usually in arid regions and can reach as much as 4 m. 
 
Hs data based on the field measurement are very rare and regionally specific, which means the 
range of application is very limited. Hs cannot be readily obtained from soil profile observed 
over a short period. Ideally the value of Hs can be determined by long-term site monitoring of 
soil profile behavior which involves extremely dry and wet conditions. However, collecting 
data of ground movement, soil suction and moisture changes may take years even decades, 
which is not only time and money consuming but also a tough and challenging work. 
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The depth of design soil suction change for various locations in Australia are summarized in 
Table 2-10. For comparison purposes, values of the depth of design soil suction change (Hs) 
and the suction change at soil surface (∆us) from both 1996 and 2011 editions are presented 
in Table 2-10. It is interesting to notice that in the old edition, ∆us value of 1.2 pF (1.5 kPa) 
was adopted for all cities except Hobart, Hunter Valley, Newcastle and Sydney, which were 
assigned with value of 1.5 pF (3.1 kPa). While in the current edition (i.e. 2011 edition), ∆us 
of 1.2 pF is given for all sites. As Hs varies along with the changing climate, it is rational that 
Hs was described in a scope manner rather than a specific depth for a given design site. The 
2011 edition of AS2870 specified Hs threshold for city such as Hobart, Hunter Valley, 
Launceston, Newcastle and Sydney. It is also notable the lower Hs threshold value of 1.5m 
for Melbourne was introduced in 1996 edition while a greater value of 1.8 m was adopted in 
the new version. Based on research work by Walsh et al. (1998), Hs value for Perth was 
reduced from 3.0 m (AS2870, 1996) to 1.8 m (AS2870, 2011). 
 
Table 2-10 Soil Suction Change Profiles for Certain Locations (Table 2.4, AS2870-1996 and 2011) 
Location 
Change in suction at the soil 
surface (∆us)pF  
Depth of deign soil suction change 
(Hs)m 
AS2870-1996 AS2870-2011 AS2870-1996 AS2870-2011 
Adelaide 1.2 1.2 4.0 4.0 
Albury/Wodonga 1.2 1.2 3.0 3.0 
Brisbane/Ipswich 1.2 1.2 1.5-2.31 1.5-2.31 
Gosford - 1.2 - 1.5-1.81 
Hobart 1.5 1.2 2.0 2.3-3.01 
Hunter Valley 1.5 1.2 2.0 1.8-3.01 
Launceston 1.2 1.2 2.0 2.3-3.01 
Melbourne 1.2 1.2 1.5-2.31 1.8-2.31 
Newcastle 1.5 1.2 1.5 1.5-1.81 
Perth 1.2 1.2 3.0 1.8 
Sydney 1.5 1.2 1.5 1.5-1.81 
Toowoomba 1.2 1.2 1.8-2.3 1.8-2.31 
Note:  1. The variation in Hs depends largely on climatic variation. 
 
      2.8.1.1 Correlation between TMI and Hs 
 
Ideally the depth of seasonal suction change, Hs should be determined from the field data on 
ground movements and soil suction variations with depth and seasons over a long period. 
Unfortunate such data is very rare. Reliable field data from which Hs can be inferred could 
take years even decades to collect and involve extensive field measurements. Fortunately it 
has been found that Hs correlates well with the climate index, TMI (Aithison and Richards, 
1965). In AS2870, the approach which was originally proposed by Smith (1993) is adopted to 
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estimate Hs (Fityus et al. 1998). AS2870-1996 suggested that at least 20 continuous years of 
climate data are needed for the estimation of Hs based upon the correlation between TMI and 
Hs shown in Table 2-11. In contrast, the current version AS2870-2011 recommended that for 
the purpose of Hs estimate, 25 continuous years of climate parameter records is the datum for 
TMI calculation, the revised TMI-Hs correlation is also outlined in Table 2-11. No sufficient 
evidence were provided to show the reason why the study period has to be 20 (1996 edition) 
or 25 (2011 edition) years and this is also where debate arose among many researchers. 
According to McManus et al. (2004), changing climate zone from zone 2 to zone 3 would 
increase Hs value from 1.8 m to 2.3 m, leading to an increase in the characteristic ground 
surface movement, ys by 28%. ys would be increased by 67% when the climate zone was 
changed from zone 2 to zone 4. 
 
Table 2-11 Relationship between TMI, Hs and Climatic Zone 
Climatic 
Zone 
Description 
TMI 
Hs (m) 
AS2870-1996 AS2870-2011 
1 Alpine / Wet coastal > +40 > +10 1.5 
2 Wet temperate +10 to +40 -5 to +10 1.8 
3 Temperate -5 to +10 -15 to -5 2.3 
4 Dry temperate -25 to -5 -25 to -15 3.0 
5 Semi-arid < -25 -40 to -25 4.0 
6 Arid - < -40 > 4.0 
 
An additional Zone 6 has been added in 2011 edition for the arid climate zone where the 
value of Hs could exceed 4 m due to the severe arid condition. The boundary of climate zone 
1 has been changed from TMI >+40 (AS2870, 1996) to TMI >+10 (AS2870, 2011). This 
change is based on the field observation that ground movement is very rare in a wet and 
humid climate (Lopes and Osman, 2010). Climate zone 3 with TMI ranging from -5 to +10 in 
1996 edition has been re-classified as Zone 2 (refer to Table 2-11) in AS2870-2011. 
Furthermore, TMI of -15 has been introduced as a new threshold to reduce the TMI range in 
from -5 ≤TMI ≤ +10 to -15 ≤TMI ≤ -5 for climate zone 3 and from -25 ≤TMI ≤ -5 to -25 
≤TMI ≤ -15 for climate zone 4 respectively. 
 
As shown in Table 2-11 and Fig. 2-15, it seems that TMI corresponds to a specific value of Hs 
rather than a scope manner, which would result in a discontinuous Hs isopleth on a map of 
TMI contours. For instance, a site with a TMI value of -15 corresponds to an Hs value of 2.3 
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m while an adjacent site with a TMI value of -16 has an Hs value of 3 m. This indicates that 
Hs may increase abruptly across a TMI isopleth. 
 
 
 
 
 
 
 
 
Fig. 2-15 Correlation between TMI and Hs Proposed in AS2870-2011 
 
 
Table 2-12 Revised Relationship between TMI, Hs and Climatic Zone 
Climatic 
Zone 
Description 
TMI 
Hs 
Fityus et al. (1998) The Author 
1 Alpine / Wet coastal > +40 > +10 1.5m 
2 Wet temperate +10 to +40 (-5) to +(10) 1.5m - 1.8m 
3 Temperate -5 to +10 (-15) to -5 1.8m - 2.3m 
4 Dry temperate -25 to -5 (-25) to -15 2.3m - 3.0m 
5 Semi-arid -40 to -25 (-40) to -25 3.0m - 4.0m 
6 Arid < -40 < -40 > 4.0m 
 Note: A value with a “( )” symbol means the value is inclusive. 
 
This shortcoming has been noted by a number of researchers. Fityus et al. (1998) proposed a 
revised correlation Table 2-12 to ensure that Hs is continuous across an isopleth, which allows 
Hs values in between to be interpolated with a known TMI value. Chan and Mostyn (2008) 
also proposed a curvilinear relationship between TMI and Hs (Fig. 2-16). Since the revised 
correlation suggested by Fityus (1998) was based on the old edition (e.g., 1996 edition) of 
AS2870 which cannot truly represent the current Hs depth in a design site, the author has 
suggested a new correlation which is shown in Table 2-12. It can be seen that the correlation 
is the same as those described in AS2870-2011 expect that a range of Hs is introduced for 
each climate zone rather than a single Hs value. 
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Fig. 2-16 Correlation between TMI and Hs (Chan and Mostyn, 2008) 
 
 
It should be recognized that the theoretical basis for TMI-Hs  relationship remains limited and 
the correlation introduced in AS2870 may has been based more on anecdotal evidence and 
empirical experience rather than quantitative research and scientific data. Therefore, further 
work needs to done to investigate a better correlation between TMI and Hs. 
 
      2.8.2 Estimation of Characteristic Ground Surface Movement  
 
The degree of ground movement depend on the nature of the clay, its depth, change of 
moisture content and the ease with which water can soak into the clay (AS2870, 1996b). This 
section is focus on the methodologies in estimating characteristic ground surface movement. 
Three approaches, two from Australia and one widely used in the United States are discussed. 
 
      2.8.2.1 Suction Based Method (AS2870 (2011), Australia) 
 
Australia Standard AS2870 introduced a soil suction based method for estimation of the 
characteristic ground surface movement ys, which has been widely employed by geotechnical 
engineers over the last two decades. The value ys is the expected free surface movement (e.g., 
absence of building and exclude load effect) and it is moisture change induced vertical 
movement of the ground surface in a reactive soil site. It has less than 5% chance of 
exceeding ys in the life of the structure (e.g., 50 years). The proposed methodology for ys 
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estimate is outlined in Clause 2.3 under AS2870-2011. The equation used in calculating ys is 
expressed as following: 
 
                                                     y
s
=
1
100
∑(Ipt ∆uh)n
N
n=1
                                                     (2-21) 
 
Where, 
ys = Characteristic surface movement, in (mm), 
ys = (Note: this does not take into account the moderating effect of footing system) 
α = Lateral restraint factor,  
Ipt = Instability index, in %/Pico farads (pF), 
∆u = Soil suction change averaged over the thickness of the layer under consideration, in    
    pico farads (pF), 
h = Thickness of layer under consideration, in (mm), 
N = Number of the soil layers within the design depth of suction change.  
 
From Eq. 2-21, it can be seen that ys is determined by sum of the soil movement from layer 1 
to N within the depth of design suction change (Hs). Essential parameters in this equation are 
described as follows:  
 
Instability index (Ipt) 
 
Instability index Ipt is defined as “the percent vertical stain per unit change in soil suction” 
(AS2870, 2011) and can be derived from the shrinkage index Ips which is determined from 
laboratory tests, namely shrink-swell, core shrinkage or loaded shrinkage test, in accordance 
with AS1289-1998 Test Methods 7.1.1, 7.1.2 and 7.1.3 respectively. The relationship 
between Ipt and Ips is expressed in Eq. 2-22. 
 
     Ipt = α Ips                 (2-22) 
 
Where, 
α = Lateral restraint factor,  
 = 1.0, in the cracked zone (unrestrained), 
 = 2.0 − 
Z
5
 , in the uncracked zone (restrained laterally by soil and vertically by soil 
 = weight), Z is the depth from the finished ground level. 
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The depth of the cracked zone is defined as “the depth in which predominantly vertical 
shrinkage cracks exist seasonally” (AS2870, 1996). Values of cracked depth are provided in 
AS2870 for typical cities shown as follows, 
 
1. 0.5 Hs to Hs, where value of Hs is given in Table 2-10, 
2. 0.75 Hs  in Adelaide and Melbourne, 
3. 0.5 Hs in other areas. 
 
Soil suction change ( ∆u )  
 
Soil suction change ∆u  is taken as the average of suction change over the considerable 
thickness of the layer. ∆u is the suction change at the soil surface and a value of 1.2 pF (1.5 
kPa) is suggested for most Australia’s cities (Table 2.4, AS2870-2011). ∆u decreases linearly 
with depth from a maximum value at the ground surface to zero at the depth of design suction 
change (Hs), below which it is assumed that the change in soil suction can be ignored. The 
use of suction change as an independent variable in this method has both merits and defects. 
The merits arise mainly because moisture related properties for different clays are varies 
greatly, whereas the characteristics of suction are more typically consistent (Fityus et al. 
1998). However, soil suction is not easy to measure accurately and almost all suction 
measurement methods have shortcomings including such aspects as valid ranges reliability 
and cost etc. 
 
It should be noted that there is little theoretical basis for the derivation of ground surface 
suction change ∆us. AS2870-2011 recommends ∆us = 1.2 pF shall be used. Some researchers 
such as Fox (2000) and Mitchell (2012) have adopted this value in their studies. Chan and 
Mostyn (2008) used 1.5 pF for the study of Sydney area and stated that the Standard is a 
“package” where ∆u, Hs, α, crack depth and assumed triangular distribution with depth 
combine together to provide an estimate of ys. 
 
      2.8.2.2 Soil Moisture Based Method (Fityus (1999), Australia) 
 
Fityus (1999) proposed an alternative method in estimating characteristic surface movement 
by employing volume change index Iv and upper and lower bound design moisture profiles. 
The upper bound moisture profile is determined from laboratory test using saturated samples 
under a vertical surcharge which equivalent to ins-situ conditions whereas lower bound 
moisture profile can be estimated from statistical soil test data. It has been demonstrated by 
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Fityus and Smith (1998) that accurate estimate of ground surface movement can be made 
with a given suitable volume change index and this method is consistent with more rigorous 
unsaturated soil volume change prediction method. The resulting ground surface movement 
due to variation of soil moisture content can be estimated in Eq. 2-23. Detailed procedures in 
estimating ground movement use this method is referred to Fityus (1999). 
 
                                         Zo =
1
α
 ∑ Iv(wui − wli)∆Hi 
𝑁
i=1
                                                 (2-23) 
 
Where, 
Zo = Ground surface movement, 
wui = Upper bond design water content of layer i,  
wli = Lower bond design water content of layer i, 
∆H𝑖  = Thickness of layer i, 
N = Number of sub-layers in the profile, 
α = Empirical factor accounting for stress differences between laboratory and filed, 
Iv = Volume change index, it is load dependent and can be determined from one            
Iv = dimensional swell tests, 
Iv =  
εz
∆w
 , ∆w is the change of water content during swelling and, 
εz = Vertical stain, calculated as 
∆h
ho
 . ∆h is the change in height and hois the initial height. 
 
Three important assumptions involved in this method are described as follows: 
 
1. A given change in water content will always correspond with the same change in strain, 
regardless of the actual value of water content in soil, 
 
2. An expansion index from swelling tests can be used to estimate both swelling and 
shrinking in wetting and drying soils, 
 
3. A factor of one third (e.g., α) can be employed to accommodate the differences between 
one and three dimensional changes. 
 
It should be pointed out that this method is not widely used in practice as it is not 
recommended by AS2870.  
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      2.8.2.3 Post Tension Institute (PTI) Method (PTI (1996), The United States)  
 
The Post Tension Institute (PTI) method as one of the most popular footings and slabs design 
methods, has been most employed in the United States. This method is based on analysis of a 
plate resting on a semi-infinite elastic continuum. In the design, the width of a floor slab 
which subject to ground surface movement is determined by the design edge distance em. 
This distance can be estimated by the use of the TMI value based on the TMI- em correlation 
diagram shown in Fig. 2-19. The estimate of differential movement (ym) using PTI design 
procedures are summerised as follows (PTI design manual, 1996), 
 
1. Calculate Thornthwaite Moisture Index (TMI) value for the given design site. 
 
2. Determine the depth to constant soil suction. It is defined as 
w
PL
 , w is gravimetric 
water content and PL is Plastic limit. The value of 2.1m can be assumed if no 
sufficient data is available. 
 
 
 
Fig. 2-17 Clay Type Classification to Cation Exchange and Clay Activity Ratio (Pearring, 1968; 
Holt, 1969) 
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3. Determine the predominant clay mineral use Fig. 2-17 based on Cation Exchange 
Activity (CEAC) and the Activity Ratio (Ac). CEAC is defined as 
P200PL
1.17
100%clay
 and Ac can 
be obtained by 
P200PI
100%clay
 . P200 represent the percent of soil passing US sieve #200 
and %clay means it is expressed as percentage. PL is Plastic limit and PI is Plasticity 
Index. For a conservative estimate, Montmorillonite can be adopted if no sufficient 
data is available. 
 
4. Constant soil suction below the depth of active zone can be estimated from Fig. 2-18 
using calculated TMI value. 
 
  
 
 
Fig. 2-18 Variation of Soil Suction of Road Subgrades with Thornthwaite Moisture Index 
(Russam and Coleman, 1961) 
 
5. Estimate moisture flow velocity using equation V (in/year) = 0.5TMI. V shall not 
smaller than 0.5in/year or greater than 0.7in/year. 
 
6. Determine the edge moisture penetration distance em for both centre lift and edge lift 
scenario from TMI- em correlation diagram in Fig. 2-19 (This diagram was developed 
from back analysis of slab-on-grade in the Austin, San Antonio and Houston Metro 
regions) using calculated TMI value. 
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Fig. 2-19 Correlation between Thornthwaite Moisture Index and Moisture Variation Distance 
(Wray, 1978)  
 
7. Vertical expected differential movement (ym) for both center lift and edge lift scenario 
using all parameters obtained (the predominant clay mineral, edge moisture 
penetration distance, percentage clay, TMI, constant soil suction, depth to constant 
soil suction, and velocity of moisture flow) then can be determined according to tables 
provided in PTI design manual 1996. 
 
Note:  1.  This method is applicable to ribbed and uniform thickness slabs on expansive soils with 
    Plasticity Index(PI) equal to or greater than 15%, 
           2.  This method is valid only if the design site is primarily governed by climate and the ym  
                obtained does not exceed 10.2cm. 
 
      2.8.3 Site Classification  
 
Site classification according to AS2870, is based on the expected ground surface movement 
and the depth to which this movement extends. For sites where ground movement is 
prevailingly caused by soil reactivity under normal moisture condition, these sites shall be 
categorized into 5 classes shown in Table 2-13. Classes M, H1, H2 and E site can be further 
classified with deep-seated moisture changes if the corresponding Hs is equal or greater than 
3 m. For example, E-D represents an extremely reactive site with deep-seated moisture 
changes. Sites which are subjected to abnormal moisture conditions resulting from things like 
trees, dams and poor site drainage or sites which include soft soils, loose sands or collapsing 
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soils may be classified as Class P (Problem site) and this classification would require special 
considerations using engineering principles. 
 
Table 2-13 Site Classification Based on Soil Reactivity (Table 2.1, AS2870-2011) 
Class Description 
A 
Most sand and rock sites with little or no ground movement from moisture 
changes 
S 
Slightly reactive clay sites, which may experience only slight ground movement 
from moisture changes 
M 
Moderately reactive clays or silt sites, which may experience moderate ground 
movement from moisture changes 
H1 
Highly reactive clay sites, which may experience high ground movement from 
moisture changes 
H2 
Highly reactive clay sites, which may experience very high ground movement 
from moisture changes 
E 
Extremely reactive clay sites, which may experience extreme ground movement 
from moisture changes 
 
Method for Site Classification 
 
Site classification methods based on soil reactivity provided in AS2870 include, 
 
a. Identification of the soil profile and interpretation of the current performance of existing 
buildings. 
 
b. Determine site class based on estimated characteristic surface movement ys in accordance 
with Table 2.3 under AS2870-2011 shown in Table 2-14. 
 
Table 2-14 Site Classification by Characteristic Ground Movement (Table 2.3, AS2870-2011) 
Characteristic surface 
movement (ys) mm 
Site classification Description 
0  < ys ≤ 20 S Slightly reactive 
20  < ys ≤ 40 M Moderately reactive 
40  < ys ≤ 60 H1 Highly reactive 
60  < ys ≤ 75 H2 Very Highly reactive 
ys > 75 E Extremely reactive 
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2.9 Climate Zone Classification  
 
This section introduces the climate classification system in Australia and the United States. 
The method adopted in Australia is relatively simpler, which is primarily based on a 
meteorological indicator called Thornthwaite Moisture Index (TMI). The correlation between 
climate zone and TMI is shown in Table 2-11 under Section 2.8.1.1 of this Chapter. By 
contrast, TMI is only one of four parameters used for the climate classification in the United 
States; other parameters such as an index expressing the seasonal variation of effective 
moisture, index of thermal efficiency and the summer concentration of thermal efficiency are 
also required.  
 
      2.9.1 Climate Zone Classification in Australia  
 
Climate of Victoria varies with location and has generally a temperate climate. According to 
Australian Standard AS2870, Victoria’s climate can be classified into various zones as shown 
in Table 2-15. It can be seen that 5 climate zones were presented in AS2870-1996 edition 
while an additional zone 6 (Arid Zone) has been introduced in 2011 version (AS2870, 2011). 
This change reflects the fact that Australia has become drier over the last decade. 
 
Table 2-15 Comparison of Climate Zone Classification between AS2870-1996 and AS2870-2011 
AS2870-1996 AS2870-2011 
Climatic Zone Description Climatic Zone Description 
1 Alpine / Wet coastal 1 Alpine / Wet coastal 
2 Wet temperate 2 Wet temperate 
3 Temperate 3 Temperate 
4 Dry temperate 4 Dry temperate 
5 Semi-arid 5 Semi-arid 
- - 6 Arid 
 
The original Thornthwaite moisture index (TMI) based isopleth map of Victoria along with 
its climate zones was endorsed in AS2870-1996 and AS2870-2011, as shown in Fig. 2-20. 
Generally speaking, north to south part of the state become more arid where semi-arid 
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climate (zone 5) is spread out over north western while south and east part of Victoria is in 
zone 1 with wet coastal climate type.  
 
Common on the two versions of the Standard, the same TMI contour map (Fig. 2-20) is used 
for the classification of Victorian climate zones. It should be noted that this map was 
produced using climate data from 1940 to 1960 (McManus et al. 2003). McManus et al. 
(2003) have computed TMI values based on 30 year meteorological data from 1961 to 1990 
and these values were then employed to delineate a map of TMI isopleths for Victoria, as 
shown in Fig. 2-21. It can be seen that the gaps between isolines were bigger compared to the 
original map (Fig. 2-20). For example, the isolines in the west part of Victoria were reduced 
from 4 (i.e. -25, -5, +10, and +40) to 2 (i.e. -25 and -5). It is also noted that in the eastern part 
of state, TMI value of +40 in the original map (Fig. 2-20) was changed to +10 while TMI 
value of +40 in south-west was replaced with -5. These significant changes indicate Victoria 
has suffered a greater foundation movement as the result of a more arid climate from1961 to 
1990. 
 
 
 
 
Fig. 2-20 Victorian Climate Zones under AS2870 (AS2870, 1996 and 2011) 
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Fig. 2-21 The Revised Victorian Climate Zones (McManus et al. 2003) 
 
      2.9.2 Climate Zone Classification in the United States 
 
Each of the 48 contiguous U.S. state has been subdivided into up to 10 climate divisions 
based on long-term climate records maintained by National Climatic Data Centre (NCDC) 
(Guttman and Quayle, 1985). There are a total of 344 climate divisions in the contiguous U.S. 
state (see Fig. 2-22). These divisions are classified mainly for agricultural purpose (Illston et 
al. 2004). A detailed description of each climate division is beyond the scope of this study. 
More information can be found on the NCDC website. 
 
There are four meteorological elements that are employed for climate classification of the 
United States, which include Thornthwaite moisture index (TMI), index of thermal efficiency, 
the summer concentration of thermal efficiency and seasonal variation of effective moisture. 
A letter is assigned to each meteorological element and a complete climate description for a 
particular site consists of four letters, two capitals followed by two lowercase with different 
superscripts and subscripts. For example, DA’da ’which was given by Mather (1974) for 
Managua in Nicaragua represents semiarid, megathermal, little or no water surplus with a 
thermal efficiency regime normal to the megathermal climate. 
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Fig. 2-22 Climate Divisions of the United States (Guttman and Quayle, 1985) 
 
Thornthwaite Moisture Index (TMI) 
 
TMI calculation equations and methods have been discussed in Section 2.6. The letter 
representing the climate condition for a site can be selected from Table 2-16 based on the 
calculated TMI value.  
 
Table 2-16 Climate Type Classifications by Thornthwaite (Carter and Mather, 1966) 
Climate Type Thornthwaite Moisture Index 
A Perhumid >100 
B4 Humid 80 to 100 
B3 Humid 60 to 80 
B2 Humid 40 to 60 
B1 Humid 20 to 40 
C2 Moist sub-humid 0 to 20 
C1 Dry sub-humid -33.3 to 0 
D Semi-arid -66.7 to -33.3 
E Arid -100 to -66.7 
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Seasonal Variation of Effective Moisture 
 
The important consideration of this notation is the existence of a water deficiency in a moist 
climate or a water surplus in a dry climate. Seasonal variation of effective moisture is 
determined from the climate type, aridity and humidity index, as shown in Table 2-17. 
 
Table 2-17 Seasonal Variation of Effective Moisture (Carter and Mather, 1966) 
Moist climates (A, B, C2) Aridity index 
r Little or no water deficiency 0-10 
s Moderate summer water deficiency 10-20 
w Moderate winter water deficiency 10-20 
s2 Large summer water deficiency 20+ 
w2 Large winter water deficiency 20+ 
Dry climates (C1, D, E) Humidity index 
d Little or no water deficiency 0-16.7 
s Moderate winter water deficiency 16.7-33.3 
w Moderate summer water deficiency 16.7-33.3 
s2 Large winter water deficiency 33.3+ 
w2 Large summer water deficiency 33.3+ 
 
Index of Thermal Efficiency 
 
Potential evapotranspiration was adopted by Thornthwaite as an index of thermal efficiency 
since it combines both thermal and moisture aspects of climate.  Thermal regions have been 
classified by nine capital letters along with a prime superscript, including megathermal A’, 
mesothermal B’, microthermal C’, tundra D’ and forest E’. Table 2-18 shows the threshold 
for each thermal regions as well as its corresponding PET value. 
 
Table 2-18 Threshold for Each of the Thermal Regions and Its Summer Concentration  
(Mather, 1974) 
Thermal efficiency 
Climate type 
Summer concentration 
         In.  cm % Type 
  E’ Forest   
5.59 14.2     
  D’ Tundra  d  ’ 
11.22 28.5   88.0  
  C1
’
   c1
 ’ 
16.81 42.7  Microthermal 76.3  
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  C2
’
   c2
 ’ 
22.44 57.0   68.0  
  B1
’
   b1
 ’
 
28.03 71.2   61.6  
  B2
’
   b2
 ’
 
33.66 85.5  Mesothermal 56.3  
  B3
’
   b3
 ’
 
39.25 99.7   51.9  
  B4
’
   b4
 ’
 
44.88 114.0   48.0  
  A’ Megathermal  a ’ 
 
Summer Concentration of Thermal Efficiency 
 
This meteorological elements indicates how much of the thermal energy is received during 
the three summer month. The scale of summer concentration of thermal efficiency is limited 
from 25 to 100 percent, where 25 percent is received in an equatorial climate while 100 
percent is assigned to an arctic climate. As shown in Table 2-18, nine climate types were 
delimited by seven threshold values, where lowercase letters ranging from a to d with prime 
superscripts were used to express each climate type. 
 
 
2.10 Conclusion  
 
In this Chapter, the climate and soil in Victoria, the characteristics and behaviors (e.g., 
swelling and shrinkage, suction) of expansive soil, and factors influencing the behavior of 
expansive soil and residential footing design were discussed and evaluated. It was recognized 
that Australian Standard AS2870 does not contain prescriptive references to soil parameters, 
such as Atterberg Limits or linear shrinkage, as a means of determining whether a soil is 
expansive or has a particular degree of expansivity (Brown et al. 2003); instead, the 
American Association of State Highway and Transportation Officials (AASHTO) method 
was introduced. 
 
The use of meteorological parameter Thornthwaite moisture index (TMI) to estimate climatic 
variations induced characteristic ground surface movement ys was presented. The 
CHAPTER 2  66 
 
development of TMI equation, methodology for TMI computation as well as its application 
was also reviewed. There are a total of four equations in the literature for the computation of 
TMI, which was developed by Thornthwaite (Eq. 2-17, 1948), Thornthwaite and Mather (Eq. 
2-18, 1955), Mather (Eq. 2-19, 1974) and Witczak (Eq. 2-20, 2006) respectively. The original 
equation Eq. 2-17 has been widely adopted for TMI estimation by many researchers for 
various applications over the past several decades. However, it is computationally intensive 
since numerous parameters are required. Eq. 2-18 is basically same as Eq. 2-17 except 
neglecting the 0.6 aridity index coefficient. Eq. 2-19 leads to a major simplification with only 
monthly precipitation and temperature data required and it eliminates the need to carry out 
the water-balance approach which is required in both Eq. 2-17 and 2-18. Eq. 2-20 was 
developed as part of a National Cooperative Highway Research Program (NCHRP) study for 
the Mechanistic Empirical Pavement Design Guide (MEPDG) and it was rarely used by 
Australian researchers. The literature review indicates that there were few studies that 
compared and assessed the TMI values calculated using different equations (e.g., Eq. 2-17 to 
2-19). In this research, a case study has been carried out to examine and compare the TMI 
values calculated by using the different equations and methodologies. The results are 
presented in Chapter 5. 
 
Potential evapotranspiration (PET) as an essential term for estimating TMI was also 
discussed. The term actual evapotranspiration (AET) is often mixed up with PET by some 
researchers and thus the similarity and differences between potential and actual 
evapotranspiration was examined as well. Various measurement and modelling methods 
used for estimating evapotranspiration have been presented in this Chapter. In terms of 
evapotranspiration measurement, three methods based on hydrology approach and two 
methods based on micrometeorology approach were introduced. In terms of 
evapotranspiration modeling, three commonly used equations based upon temperature 
method and four equations based on radiation method were presented. However, those 
methods produces inconsistent results due to different assumptions made and diverse input 
parameters required. Greater differences were found among the temperature based methods 
than radiation based methods (Sun et al. 2005). It is important to note that if mean monthly 
temperature is below 0°C, Thornthwaite’s (1948) potential evapotranspiration calculation 
method will produce an invalid heat index value, leading to an incorrect calculation of 
potential evapotranspiration. To solve this problem, Thornthwaite and Mather (1957) 
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suggested that heat index be set to zero when mean monthly temperature is 0 or less and 
potential evapotranspiration be zero when temperature below 0. 
 
The evolution of Australian Standard AS2870 along with some limitations and several 
important elements (e.g., the depth of design soil suction change Hs and soil suction change 
∆u) used for residential footing deign have been presented and discussed in this Chapter. Two 
Australian methods and one US method for estimating ground surface movement were 
reviewed. Nonetheless, climate zone classification system in Australia and the United States 
were introduced and compared. The limitations involved in the ‘deem-to-comply’ Australian 
Standard AS2870 are outlined below.  
 
To begin with, due to the absence of readily applied method for Hs estimate, AS2870 
introduced a rationally-based method that was originally developed by Smith (1993) to 
estimate Hs using the climate index TMI (Fityus et al. 1998). AS2870-1996 suggested that at 
least 20 continuous years of climate data are needed for the estimation of Hs. In contrast, the 
current version AS2870-2011 recommended that for the purpose of Hs estimate, 25 
continuous years of climate parameter records is the datum for TMI calculation. However, no 
sufficient evidences were provided to show the reason why the data records has to be 20 
(1996 edition) or 25 (2011 edition) years and this is also where debate arose among many 
researchers. In this research, a case study was conducted to evaluate the impact of the study 
period employed on the final TMI result and the results are presented in Chapter 5. 
 
Moreover, AS2870 does not specify which TMI calculation equation or method should be 
used to calculate TMI value so that Hs can be estimated based on the correlation between TMI 
and Hs provided in Table 2-11 of AS2870. There are a total of four equations and two 
methods in deriving TMI in the literature and Hs values estimated using TMI calculated by the 
use of different equations and methods vary significantly. Therefore, it is essential to develop 
a standardized TMI derivation method to allow consistent Hs to be obtained. 
 
Furthermore, the correlation between TMI and Hs in Table 2-11 of AS2870 showed that Hs 
corresponds to a specific value of TMI rather than a scope manner, which would result in a 
discontinuous Hs isopleth across a map. Fityus et al. (1998) and Chan and Mostyn (2008) 
have recognized this shortcoming and suggested that Hs should change in a discontinuous 
stepwise manner at the nominated threshold of TMI value. A new relationship proposed by 
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Fityus et al. (1998) is shown in Table 2-12, which ensures Hs is continuous across an isopleth 
by introducing the concept that a particular TMI corresponds to a specific Hs and thus allow 
Hs values in between to be interpolated with a known TMI value. Chan and Mostyn (2008) 
also proposed a curvilinear relationship between TMI and Hs as shown in Fig 1-16. Since the 
new correlation developed by Fityus et al. (1998) was based on the old edition (e.g., 1996 
edition) of Australian Standard which cannot truly represent the current Hs depth in a design 
site, thus the author has suggested a revised correlation which is shown in Table 2-12. It can 
be seen that the correlation is basically the same as those described in AS2870-2011 expect 
that a range of Hs is introduced whereas specific values are proposed by the Standard. It 
should be recognized that the theoretical basis for TMI-Hs  relationship remains unclear and 
the correlation introduced in AS2870 may has been based more on anecdotal evidence and 
empirical experience rather than quantitative research and scientific data. Therefore, further 
research needs to be done to get a better correlation between TMI and Hs. 
 
Nonetheless, AS2870-2011 suggested suction change at soil surface ∆us of 1.2 pF (1.5 kPa) 
shall be used for all cities listed in Table 2-10. However, compared to AS2870-1996 edition, 
∆us of 1.5 pF (3.1 kPa) is recommended for cities such as Hobart, Hunter Valley, Newcastle 
and Sydney. It is believed that the change of ∆us from 1.5 pF to 1.2 pF is based more on 
‘engineering experience’ rather than quantitative research since the value of ∆us is rarely 
existed and there is little theoretical basis for the derivation of ∆us. 
 
Last but not least, AS2870-1996 and AS2870-2011 used the same TMI contour map (Fig. 2-
20) for the classification of Victorian climate zones and this map was produced using climate 
data for the period of 1940 - 1960 (McManus et al. 2003). However anecdotal evidence 
suggests that the climate in Australia has become drier in recent years. The design of 
residential footings based on the old TMI isopleth map may not only underestimate Hs, but 
also have an adverse effect on the performance of residential buildings. Therefore, the 
delineation of the new TMI based isopleth map for Victoria is necessary. The following 
Chapter presented the approach in developing the most up-to-date TMI based isopleth map of 
Victoria over the past 60 years. 
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CHAPTER 3   THE DELINEATION OF TMI BASED ISOPLETH MAP 
FOR VICTORIA OVER 60 YEARS 
 
 
 
3.1 General 
 
The TMI based contour map of Victoria has been provided in AS2870-1996 & 2011 as 
guidance for design engineers to infer the depth of design suction change Hs that is needed for 
estimate of characteristic surface movement ys. Unfortunately, this map is out of date and 
incorrect since it was produced using climate data over the 1940-1960 period (McManus et al. 
2003) and thus cannot truly reflect the current climate conditions in Victoria. A few different 
versions of TMI based contour map of Victoria have been published in the past decade. 
McManus et al. (2003) used the climatic data taken from 1960 to 1991 and Lopes and Osman 
(2010) calculated TMI from the 1948 to 2007 data. More recently, Simone (2014) produced a 
climate zone map of Victoria using the climatic data from 2001 to 2011. However, they did not 
clearly specified which TMI equation or method was employed in computing TMI and thus 
brings difficulties to others for assessment and comparison. 
 
In this Chapter, the collection method for climatic data required for calculation of TMI is first 
introduced. Examples are given to demonstrate the step by step TMI calculation procedural by 
employing both the original Thornthwaite equation (Eq. 2-17) and the simplified Thornthwaite 
equation (Eq. 2-19). Nonetheless, long term climate records (e.g., precipitation and temperature 
data) over 60 years (in 3 x 20 year periods, i.e. 1954-1973, 1974-1993 and 1994-2013) from 
70 weather stations of Victoria were adopted for TMI computation. Year by Year method 
applied on both original (Eq. 2-17) and simplified (Eq. 2-19) equation are also performed. TMI 
isolines are then plotted on the Victoria map by the use of software Surfer® 11 (2012) and thus 
TMI based contour maps are developed to present the climate change since 1954. These maps 
have shown that Victoria has experienced a significant growth of drying over the past 60 years 
where the most noticeable change has occurred from 1994 to 2013. It is predicted that should 
these climate change patterns persist, Victoria will suffer a generally drying climate with the 
mean TMI become more negative, soil shrinkage and the subsequent desiccation is most likely 
to become more prevalent. 
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3.2 Data Collection 
 
Metrological parameters required to calculate TMI by the use of Eq. 2-17 and Eq. 2-19 include 
(a) monthly precipitation (P), (b) mean monthly temperature (ti) and (c) the day length 
correction factor (Di) for a particular weather observation station. Long term precipitation and 
monthly average temperature can be obtained from the Bureau of Meteorology (BOM) website. 
By selecting a weather station in the area of interest or entering the weather station number, 
one can access to the precipitation and temperature data recorded at that station. Mean monthly 
temperature data are not given directly but can be obtained from the average of the mean 
monthly maximum and mean monthly minimum temperature data provided. Day length 
correction factor needed for all weather stations in the calculation are given in Table 2-6.  
 
Generally Speaking, to compute TMI, fully recorded historical long term climate data should 
be available for the study periods (i.e. 1954-1973, 1974-1993 and 1994-2003). Although there 
are 204 accessible weather stations on the BOM website, only 70 stations across Victoria have 
the fully recorded climatological data required for this study. To ensure the most accurate and 
reliable TMI value to be obtained, the following decisions were made by the author. 
 
 A minimum of 20 years climatological data (both mean monthly temperature and 
precipitation) are required for the study period of 20 years. In other words, a weather 
station was not included in this study if more than 5 years climatological data were 
absent or not available.  
 
 If a weather station had missing data for a period of longer than 1 but less than 5 years, 
the nearest neighboring weather stations were used to estimate the missing data. 
 
 For a station with the problem of missing observations for a few months in a particular 
year, the average of non-missing weather data in the same month over the study period 
was used to estimate the missing data. 
 
 
3.3 The Determination of TMI  
 
The original Thornthwaite equation (Eq. 2-17) and the simplified approach (Eq. 2-19) revised 
by Thornthwaite (1948) and Mather (1974) were employed for TMI computation in this study. 
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The reasons for adopting these equations are that the original equation (i.e. Eq. 2-17) is the 
most employed equation for TMI calculation whereas Eq. 2-19 leads to a major simplification 
with only monthly precipitation and temperature data required and it eliminates the need to 
carry out the water-balance analysis which is required in Eq. 2-17.  
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Where, 
Ih = Humidity index = 100 (
R
 PET 
), 
Ia = Aridity index = 100 (
D
 PET
), 
D = Moisture deficit (mm), indicate that water cannot be evapotranspired from a dry site  
D = because it is not available, 
R = Moisture surplus / runoff (mm), indicate that water cannot infiltrate a wet site, 
P = Annual precipitation,  
PET = Adjusted potential evapotranspiration (mm). 
 
The following examples show how to calculate TMI using Eq. 2-17 and 2-19 step by step. 
 
      3.3.1 Example 1 - TMI Determination Based on the Original Thornthwaite Equation  
      3.3.1 (Eq. 2-17) 
 
This original TMI equation requires the determination of monthly surplus (R), monthly deficit 
(D) and monthly adjusted potential evapotranspiration (PET). The first two parameters can be 
derived by carrying out the water balance analysis and the calculation procedure was described 
in the moisture balance computation decision tree, as shown in Fig. 2-13. The value of initial 
(So) and maximum (Smax) water storage are needed in order to carry out the water balance 
analysis, those values, however, are rarely exited and have to be assumed. In this study, as 
suggested by Chan and Mostyn (2008), So of 0 mm and Smax of 100 mm are adopted. 
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Thornthwaite PET calculation method (Eq. 2-9) is employed since it requires only precipitation 
and temperature data which are readily available and can be obtained from most of the weather 
observation stations in Australia. 
 
Step 1: Compute adjusted potential evapotranspiration (PET) 
 
 '
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i i
i i
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e e
 
  
 
   (2-9) 
 
Where, 
ei' = Adjusted Potential Evapotranspiration for month i (cm), 
ei  = Unadjusted Potential Evapotranspiration (cm) for month i and where, 
ei = 1.6 ( 
10ti
Hy
 )a, 
ti = Mean monthly temperature in 
°C, calculated as the average of tmax and tmin, 
hi = Heat Index for month i,  hi  0.2ti1.514,   
Hy = Annual heat index, determined by summing the 12 monthly heat index, 
a 6.7510-7Hy3 7.7110-5 Hy20.017921 Hy0.49239 and 0 < a <4.25, 
Di = Day length correction factor for month i, 
Ni = Number of days in month i. 
 
Table 3-1 Climatic Data Extracted from Mildura Airport for 2010 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Precipitation 
(cm) 
0.84 1.98 3.58 1.88 5.12 1.46 2.56 2.88 5.48 8.88 10.36 14.1 
Mean Max. 
Temp. (tmax) 
(℃.) 
34.7 33.6 28.9 24.3 19.5 15.6 15 15.7 18.3 23.5 26.2 28.3 
Mean Min. 
Temp. (tmin) 
(℃.) 
16.9 19 14.9 12.3 7.5 5.7 3.8 5.2 6.8 10.2 13.3 14.4 
 
 
 
 
 
 
 
Table 3-2 The Estimation of Day Length Correction Factor for Mildura Airport 
Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
30 1.20 1.03 1.06 0.95 0.92 0.85 0.90 0.96 1.00 1.12 1.14 1.21 
34.24 1.2254 1.0385 1.0600 0.9415 0.8946 0.8246 0.8746 0.9430 1.0000 1.1285 1.1654 1.2439 
35 1.23 1.04 1.06 0.94 0.89 0.82 0.87 0.94 1.00 1.13 1.17 1.25 
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Table 3-3 Determination of the Adjusted PET for Mildura Airport 
Station Name:   Mildura Airport  Station No. :   076031 Latitude : 34.24 Year :  2010 
Month 
No. of 
days in 
month 
(Ni) 
Day length 
Corr. factor  
(Di) 
Precipitation 
(cm) 
Mean Max. 
Temp. 
(℃) 
Mean Min. 
Temp. 
(℃) 
Mean 
Avg. 
Temp. 
(℃) 
Heat 
Index 
(hi) 
a 
Unadjusted 
PET(cm) 
(ei) 
Adjusted 
PET(cm) 
(ei') 
Jan 31 1.2254 0.84 34.70 16.9 25.8 11.99 
1.81 
12.83 16.24 
Feb 28 1.0385 1.98 33.6 19 26.3 12.35 13.28 12.87 
Mar 31 1.0600 3.58 28.9 14.9 21.9 9.36 9.54 10.45 
Apr 30 0.9415 1.88 24.3 12.3 18.3 7.13 6.90 6.50 
May 31 0.8946 5.12 19.5 7.5 13.5 4.50 3.98 3.68 
Jun 30 0.8246 1.46 15.6 5.7 10.65 3.14 2.60 2.14 
Jul 31 0.8746 2.56 15 3.8 9.4 2.60 2.07 1.87 
Aug 31 0.9430 2.88 15.7 5.2 10.45 3.05 2.51 2.44 
Sep 30 1.0000 5.48 18.3 6.8 12.55 4.03 3.49 3.49 
Oct 31 1.1285 8.88 23.5 10.2 16.85 6.29 5.94 6.93 
Nov 30 1.1654 10.36 26.2 13.3 19.75 8.00 7.92 9.23 
Dec 31 1.2439 14.1 28.3 14.4 21.35 9.00 9.11 11.71 
Sums   59.12    81.45   87.56 
 
Monthly precipitation and mean maximum and minimum temperature data are extracted from 
Mildura Airport (No. 076031) for 2010 (Table 3-1). Mean average temperature is calculated 
by average the mean maximum and minimum temperature which is needed for the calculation 
of heat index value. The sum of monthly heat index can be used to determine the calibration 
constant a that is needed for the estimation of unadjusted PET. The day length correction factor 
(Di) is estimated from the latitude of the weather station. For those latitude values not provided 
in Table 3-2, linear interpolation shall be employed. The latitude of the studied weather station 
is 34.24° and the interpolated Di is given in Table 3-2. The adjusted PET is computed based on 
Eq. 2-9 use the interpolated Di and the unadjusted PET. Therefore, the annual adjusted PET of 
87.56 cm in 2010 is determined for Mildura Airport, as shown in Table 3-3. 
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Step 2: Determine moisture deficit (D) and surplus (R) 
 
Decision tree diagram (Fig. 2-13) developed by McKeen and Johnson (1990) was used for 
determination of moisture deficit and surplus. The assumed initial and maximum water storage 
values are 0 and 100 mm respectively. According to the decision tree, moisture change Δmi in 
January is calculated as the difference between precipitation of 0.84 cm and adjusted potential 
evapotranspiration of 16.24 cm and thus -15.4 cm for Δmi is obtained (refer to Table 3-4). The 
change of moisture deficit ∆di is equal to water storage value of previous month (i.e. 0 cm) 
minus the absolute moisture change Δmi (15.4 cm), i.e. ∆di = 0 -15.4 cm = -15.4 cm. Therefore, 
water surplus and deficit in January is 0 and 15.4 cm respectively. Repeat this process to 
determine R and D for rest months over the year and sum them to obtain the yearly value. The 
results of calculations presented in Table 3-4 indicate that there is no water surplus occurring 
throughout the year while a large water deficit value of 37.78 cm is estimated. 
 
 
Table 3-4 Determination of Moisture Deficit (D) and Surplus (R) for Mildura Airport 
Month 
Precipitation 
(cm) 
Adjusted 
PET(cm) 
Moisture 
Change(mm) 
Moisture 
Storage (cm) 
Moisture 
Deficit (cm) 
Moisture 
Surplus (cm) 
TMI 
Jan 0.84 16.24 -15.40 0.00 15.40 0.00 
-25.89 
Feb 1.98 12.87 -10.89 0.00 10.89 0.00 
Mar 3.58 10.45 -6.87 0.00 6.87 0.00 
Apr 1.88 6.50 -4.62 0.00 4.62 0.00 
May 5.12 3.68 1.44 1.44 0.00 0.00 
Jun 1.46 2.14 -0.68 0.76 0.00 0.00 
Jul 2.56 1.87 0.69 1.44 0.00 0.00 
Aug 2.88 2.44 0.44 1.88 0.00 0.00 
Sep 5.48 3.49 1.99 3.87 0.00 0.00 
Oct 8.88 6.93 1.95 5.82 0.00 0.00 
Nov 10.36 9.23 1.13 6.95 0.00 0.00 
Dec 14.1 11.71 2.39 9.34 0.00 0.00 
Sums 59.12 87.56   37.78 0.00  
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Step 3: Compute Annual TMI  
 
TMI is determined from water surplus, water deficit and adjusted potential evapotranspiration. 
Based on Eq. 2-17, annual TMI value of -25.89 is derived for Mildura Airport in 2010. 
 
      3.3.2 Example 2 - TMI Determination Based on the Simplified Equation (Eq. 2-19) 
 
TMI calculation based on Eq. 2-19 is much simpler because it requires only precipitation and 
temperature data and also eliminates the need to carry out water balance analysis. Except the 
precipitation data which is readily available from most weather observation station, there is 
only one parameter needed to be determined, which is the adjusted potential 
evapotranspiration (PET) value. The procedure for adjusted PET determination is the same as 
that introduced in Eq. 2-17. The calculated annual TMI based on Eq. 2-19 is -32.56, 
approximately 26% smaller than that calculated based on Eq. 2-17 (see Table 3-5). 
 
Table 3-5 TMI Determination Based on Eq. 2-19 
Station Name:   Mildura Airport  Station No. :   076031 Latitude : 34.24 Year : 2010 
Month 
No. of days 
in month 
(Ni) 
Day length 
Corr. 
factor  (Di) 
Precipitati
on (cm) 
Mean Max. 
Temp. 
(℃) 
Mean Min. 
Temp. 
(℃) 
Mean Avg. 
Temp. 
(℃) 
Heat 
Index 
(hi) 
a 
Unadjusted 
PET(cm) 
(ei) 
Adjusted 
PET(cm) 
(ei') 
TMI 
Jan 31 1.2254 0.84 34.70 16.9 25.8 11.99 
1.81 
12.83 16.24 
-32.56 
Feb 28 1.0385 1.98 33.6 19 26.3 12.35 13.28 12.87 
Mar 31 1.0600 3.58 28.9 14.9 21.9 9.36 9.54 10.45 
Apr 30 0.9415 1.88 24.3 12.3 18.3 7.13 6.90 6.50 
May 31 0.8946 5.12 19.5 7.5 13.5 4.50 3.98 3.68 
Jun 30 0.8246 1.46 15.6 5.7 10.65 3.14 2.60 2.14 
Jul 31 0.8746 2.56 15 3.8 9.4 2.60 2.07 1.87 
Aug 31 0.9430 2.88 15.7 5.2 10.45 3.05 2.51 2.44 
Sep 30 1.0000 5.48 18.3 6.8 12.55 4.03 3.49 3.49 
Oct 31 1.1285 8.88 23.5 10.2 16.85 6.29 5.94 6.93 
Nov 30 1.1654 10.36 26.2 13.3 19.75 8.00 7.92 9.23 
Dec 31 1.2439 14.1 28.3 14.4 21.35 9.00 9.11 11.71 
Sums   59.12    81.45   87.56  
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3.4 TMI Results Analysis 
 
Based on the TMI calculation procedure introduced in previous section, TMI values for 70 
weather observation stations of Victoria have been computed over the past 60 years at twenty-
year intervals (i.e. 1954-1973, 1974-1993 and 1994-2013). The TMI values were computed 
using both original (Eq. 2-17) and simplified (Eq. 2-19) approaches, and Year-by-year method 
was adopted in the TMI calculations.  
 
The calculated TMI results presenting a marked difference between TMI values computed 
using Eq. 2-17 and Eq. 2-19. Generally the simplified equation (Eq. 2-19) gives smaller (i.e. 
more negative, for negative values) TMI values, which indicates more arid climate condition. 
The results have confirmed the belief of many local geotechnical engineers that Victorian soils 
have become drier over the past several decades. Residential buildings constructed over clay 
foundation in drier climate are subjected to larger ground differential movements due to greater 
depth of seasonal moisture change. The Mildura region is the driest in Victoria, having the 
biggest mean negative TMI value of -41 (calculated using Eq. 2-17) and -70 (obtained by Eq. 
2-19) respectively for the 1994-2013 period. The wettest part of the state, based on mean TMI 
values for the same period, is Hotham region with TMI value of greater than 200 which can be 
attributed to its alpine climate.  
 
The TMI values for 3 x 20 year study periods showing a general tendency for TMI to decrease 
over the last 60 years. TMI values calculated using Eq. 2-17 for the 2nd 20 year period (i.e. 
1974-1993) show that Ballarat and Warrnambool regions had experienced the largest decrease 
(-4) and increase (9) in TMI units respectively over the 1974-1993 period. In other words, 
Ballarat became drier while Warrnambool became wetter. TMI values calculated using the 
simplified approach (Eq. 2-19) indicate that the largest TMI decrease occurred in Ouyen region.  
 
It can be seen from the computed TMI values that the climate of Victoria has changed since 
1954, particularly in the last 20 years. Almost every region in Victoria had experienced a drying 
climate due to marked TMI decrease from 1994 to 2013, except Wonthaggi with an increase of 
3 TMI units. The largest TMI change occurred in Strathbogie which is located in the central of 
Victoria at an altitude of about 525 m above sea level. The TMI value reduced from 57 to 34 
(1994-2013) based on the original Thornthwaite equation (i.e. Eq. 2-17), and from 50 (1974-
1993) to 26 (1994-2013) when the simplified approach (Eq. 2-19) was used for TMI calculation. 
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Melbourne CBD has also affected by the drying climate over the past 60 years with the mean 
TMI value (calculated using the original Thornthwaite equation) reduced from -3 (1954-1973) 
to -6 during the 1974-1993 period, and then -15 in the last 20 years. This change has confirmed 
the belief that the Melbourne climate has generally become drier since 1954. 
 
      3.4.1 TMI Analysis for Populated Regions 
 
To assess climate change induced TMI variation, three weather station sites namely Melbourne 
City (086071), Laverton (087031) and Geelong (087025) have been selected to investigate how 
the meteorological parameters (e.g., precipitation) would influence the calculated TMI values. 
These sites were selected because they are all located in densely populated regions and have 
fully recorded long-term precipitation and temperature data available from 1954 to 2013. TMI 
and precipitation data were employed to plot the variation trend line for three 20 year intervals 
(i.e. 1954-1973, 1974-1993 and 1994-2013). For each 20 year interval, a year which has the 
biggest TMI discrepancy from the mean was further analyzed in the form of moisture budget 
profile. 
 
      3.4.1.1 TMI Analysis for Melbourne City  
 
 TMI analysis from 1954 to 1973 
 
Annual precipitation and TMI values of Melbourne City for the 1st 20 year interval are 
presented in Table 3-6. During this period, the highest annual total rainfall (85 cm) was 
recorded in 1954 and 1960 but different TMI values were obtained due to the effect of temporal 
distribution of rainfall. In 1967, the annual precipitation was only 33 cm which was the lowest 
and lead to the smallest TMI value of -29 during the study period. The TMI and precipitation 
trend over 20-year study period is depicted in Fig. 3-1. Although annual TMI and rainfall were 
both highly variable from year to year and exhibited significant variations about the mean 
values, there was a demonstrable correlation between these two parameters. As shown in Fig. 
3-2, there is a linear relationship between annual TMI and precipitation. The value of the 
coefficient of determination (R2) for this regression is 0.87, indicating a strong positive 
correlation. R2 is a statistical measure of how close the data are to the fitted regression line, it 
has a range from 0 which means no correlation to 1 which represents perfect correlation. 
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Table 3-6 Annual Precipitation and TMI Values for Melbourne City from 1954 to 1973 
Year 
Annual Precipitation 
(AP)(cm) 
Diff. between the Mean 
and AP (cm) 
TMI 
Diff. between the Mean 
and Annual TMI 
1954 85 18 9 12 
1955 78 11 10 13 
1956 79 11 12 16 
1957 53 -14 -14 -11 
1958 69 1 -2 2 
1959 66 -2 -4 0 
1960 85 18 19 22 
1961 56 -11 -16. -13 
1962 59 -9 -10 -6 
1963 74 7 2 5 
1964 71 3 -5 -1 
1965 59 -8 -3 0 
1966 68 1 -11 -7 
1967 33 -34 -29 -26 
1968 53 -14 -19 -16 
1969 63 -5 -9 -6 
1970 80 13 1 4 
1971 78 11 4 8 
1972 57 -11 -10 -6 
1973 82 14 7 11 
Mean 67  -3  
 
As can be seen from Table 3-6, the mean annual precipitation and TMI from 1954 to 1973 are 
67 cm and -3 TMI units respectively. Differences between the mean values and annual 
precipitation and TMI are also presented in Table 3-6. The largest discrepancy of -26 TMI units 
was occurred in 1967 whereas the biggest difference in precipitation was also observed in the 
same year with the lowest annual rainfall of 33 cm. Thus 1967, as the driest year for the 1954-
1973 period, was selected for further analysis in which the soil moisture budget method was 
used to estimate the overall availability of moisture during 1967. 
 
79   CHAPTER 3 
 
 
 
Fig. 3-1 Variation in Annual Precipitation and TMI (Melbourne City, 1954-1973) 
 
 
 
 
Fig. 3-2 Correlation between Annual Precipitation and TMI (Melbourne City, 1954-1973) 
 
The soil moisture budget is the balance of water in the soil; this is the net result of the combined 
effects of precipitation and potential evapotranspiration. There are four terms used to describe 
soil moisture availability, namely water deficit, soil water depletion, soil water recharge and 
water surplus. Water deficit occurs when the amount of monthly potential evapotranspiration 
exceeds monthly precipitation during a period of ‘zero’ soil water storage. Soil water depletion 
usually occurs before deficit and when the net moisture balance is below zero and meanwhile 
the soil has the positive water storage. Soil moisture recharge often occurs when the net water 
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balance is positive and soil storage is below capacity (i.e. 100 mm). Water surplus is defined 
as the amount by which the net monthly precipitation exceeds monthly potential 
evapotranspiration when water storage is at capacity; it usually appears after soil moisture 
recharge. 
 
Table 3-7 Moisture Availability Analysis for Melbourne City in 1967 
Month-Year P (mm) PET (mm) Difference(mm) Moisture Availability 
Jan-1967 20.7 103.7 -83.0 Deficit 
Feb-1967 3.6 98.6 -95.0 Deficit 
Mar-1967 14.3 85.7 -71.4 Deficit 
Apr-1967 17.8 61.0 -42.3 Deficit 
May-1967 41.9 41.8 0.1 Deficit +Recharge 
Jun-1967 36.2 27.4 8.8 Recharge 
Jul-1967 29.4 26.7 2.7 Recharge 
Aug-1967 66.4 30.0 36.4 Recharge 
Sep-1967 41.3 42.1 -0.8 Recharge +Depletion 
Oct-1967 15.1 70.3 -55.2 Depletion + Deficit 
Nov-1967 11.2 81.9 -70.7 Deficit 
Dec-1967 34.4 93.6 -59.2 Deficit 
Jan-1968 42.9 127.3 -84.4 Deficit 
 
 
 
 
Fig. 3-3 Moisture Budget Profile for Melbourne City in 1967 
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The moisture variation curves in Fig. 3-3 illustrated the effect of precipitation and potential 
evapotranspiration on moisture availability for Melbourne City soils in 1967. Water deficit 
occurred in summer, autumn and later spring is clearly observed from Fig. 3-3. During winter 
and early spring, water recharge took place when precipitation exceeds potential 
evapotranspiration followed by water depletion in October. Periodic drying and wetting is also 
demonstrated in the graph. The time of soil water recharge and surplus is a period of wetting, 
whist the time of moisture depletion and deficit is a period of drying. It can be seen that soil in 
Melbourne City had experienced the drying climate in 1967 with only four dominate wetting 
months to allow soil moisture to be recharged. 
 
 TMI analysis from 1974 to 1993 
 
Table 3-8 Annual TMI and Precipitation Value for Melbourne City from 1974 to 1993 
Year 
Annual Precipitation 
(AP)(cm) 
Diff. between the Mean 
and AP (cm) 
TMI 
Diff. between the Mean 
and Annual TMI 
1974 80 14 8 14 
1975 71 5 1 7 
1976 50 -16 -20 -13 
1977 61 -6 -7 0 
1978 87 21 7 13 
1979 54 -12 -10 -4 
1980 64 -2 -11 -5 
1981 60 -6 -10 -3 
1982 42 -24 -28 -22 
1983 61 -5 -9 -3 
1984 56 -10 -15 -9 
1985 68 2 -14 -8 
1986 53 -13 -10 -4 
1987 66 -1 -10 -4 
1988 68 2 -13 -7 
1989 79 13 11 17 
1990 63 -4 -9 -3 
1991 72 6 -3 4 
1992 83 17 7 13 
1993 84 18 10 17 
Mean 66  -6  
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Table 3-8 presents the annual precipitation and TMI value of Melbourne City from 1974 to 
1993. It is notable that 1978 had the highest annual total rainfall of 87 cm while the lowest 
annual precipitation of 42 cm occurred in 1982, leading to the smallest TMI value of -28 in the 
study period. It is interesting to note that the highest positive TMI did not correspond with the 
highest annual precipitation but occurred in 1989 with annual total rainfall of 79 cm, 8 cm 
lesser than the highest annual total rainfall (87 mm in 1978) for the 1974-1993 period. The TMI 
and precipitation trends for Melbourne over the 20 year study period is shown in Fig. 3-4. 
Although the trends exhibited significant variation about the mean values, the patterns of TMI 
and precipitation changes were quite similar. From Fig. 3-4 and Table 3-8, it can been seen that 
TMI increased dramatically from -13 in 1988 to 11 in 1989. This significant change can be 
attributed to the effect of temporal distribution of rainfall. The correlation between TMI and 
annual precipitation is shown in Fig. 3-5 with a coefficient of determination (R2) of 0.83, 
slightly smaller than that obtained from the 1st 20 year study period (i.e. 1954-1973).  
 
The mean precipitation for the 1974-1993 period was 66 cm (Table 3-8) which was 1 cm lesser 
than the 1954-1973 period (see Table 3-6). An increase in aridity is evident based on the mean 
TMI value which decreased from -3 (1954-1973) to -6 (1974-1993). Obviously 1982 was the 
driest year in the 20-year study period since it had a TMI of -28, 22 units smaller than the mean 
TMI. Therefore the moisture variation profile for 1982 was established to estimate water deficit, 
soil water depletion, soil water recharge and water surplus. 
 
 
Fig. 3-4 Variation in Annual Precipitation and TMI (Melbourne City, 1974-1993) 
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Fig. 3-5 Correlation between Annual Precipitation and TMI (Melbourne City, 1974-1993) 
 
 
Table 3-9 Moisture Availability Analysis for Melbourne City in 1982 
Month-Year P (mm) PET (mm) Difference(mm) Moisture Availability 
Jan-1982 51.2 129.6 -78.4 Deficit 
Feb-1982 8.8 91.5 -82.7 Deficit 
Mar-1982 55.2 95.8 -40.6 Deficit 
Apr-1982 35.6 57.7 -22.1 Deficit 
May-1982 49.0 40.7 8.3 Deficit +Recharge 
Jun-1982 30.4 20.9 9.5 Recharge 
Jul-1982 12.6 20.4 -7.8 Recharge +Depletion 
Aug-1982 28.8 40.5 -11.7 Depletion + Deficit 
Sep-1982 44.4 38.8 5.6 Deficit +Recharge 
Oct-1982 41.2 60.7 -19.5 Recharge +Depletion+ Deficit 
Nov-1982 17.6 93.6 -76.0 Deficit 
Dec-1982 47.4 102.0 -54.6 Deficit 
Jan-1983 29.8 101.3 -71.5 Deficit 
 
 
Soil moisture availability determined from the difference between precipitation and potential 
evapotranspiration for each month of 1982 is shown in Fig. 3-6. It can be seen that the 
predominant drying climate lasted more than 8 months in the year from January to Mid-May, 
August to mid-September and then mid-October to December. It is notable that Melbourne soil 
was only experienced humid condition from late autumn to middle winter as well as during the 
early spring. Water surplus did not occur from January 1982 to January 1983. There are more 
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than 2 cycles of periodic wetting and drying which is illustrative of the highly variable climate 
for Melbourne in 1982.  
 
       
 
 
Fig. 3-6 Moisture Budget Profile for Melbourne City in 1982 
 
 
 TMI analysis from 1994 to 2013 
 
Annual precipitation and TMI values of Melbourne City for 1994-2013 period are given in 
Table 3-10. The highest and lowest annual total precipitation was 83 cm and 36 cm, occurred 
in 2011 and 1997 respectively. It is worth mentioning that the largest TMI value of 9 (1996) 
did not correspond with highest annual total rainfall (83 mm in 2011). This can be attributed to 
the relatively lower potential evapotranspiration rate in 1996. TMI trend line plotted for 
Melbourne City is presented in Fig. 3-7, it shows that Melbourne had four consecutive drought 
years from 2006 to 2009 with TMI (varying between -26 to -28) significant lower than the mean 
TMI of -15. Fig. 3-8 showed the correlation between TMI and annual rainfall for Melbourne 
City. It can be seen that the coefficient of determination R2 of 0.94 is obtained which is the 
highest compared to the 1st and 2nd 20 year interval and this indicated a very good linear 
correlation between TMI and precipitation in the study period. 
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Table 3-10 Annual TMI and Precipitation Value for Melbourne City from 1994 to 2013 
Year 
Annual Precipitation 
(AP)(cm) 
Diff. between the Mean 
and AP (cm) 
TMI 
Diff. between the Mean 
and Annual TMI 
1994 47 -11 -24 -9 
1995 80 22 6 21 
1996 78 20 9 24 
1997 36 -22 -33 -18 
1998 59 1 -16 -1 
1999 61 3 -15 0 
2000 63 5 -9 6 
2001 61 3 -17 -2 
2002 40 -18 -28 -12 
2003 49 -9 -23 -8 
2004 62 4 -16 -1 
2005 59 1 -13 2 
2006 44 -14 -27 -12 
2007 45 -13 -28 -13 
2008 45 -13 -27 -11 
2009 46 -12 -26 -11 
2010 78 20 -4 12 
2011 83 25 4 19 
2012 60 2 -9 7 
2013 64 6 -9 6 
Mean 58  -15  
 
 
 
 
Fig. 3-7 Variation in Annual Precipitation and TMI (Melbourne City, 1994-2013) 
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Fig. 3-8 Correlation between Annual Precipitation and TMI (Melbourne City, 1994-2013) 
 
It can be seen from Table 3-10, there is a rapid change in mean annual precipitation and TMI 
value, which decreased, respectively, from 66 cm (1974-1993) to 58 cm (1994-2013) and -6 
(1974-1993) to -15 (1994-2013). This is attributable to an extraordinary drought of 4 
consecutive years from 2006 to 2009. Melbourne City had suffered a wettest climate in 1996 
since it had a TMI of 9, which is the greatest positive TMI in recent 20 years, besides, this value 
is 24 units larger than the mean TMI. Therefore, the soil moisture budget curve was utilized to 
assess the moisture availability in 1996. 
 
 
Table 3-11 Moisture Availability Analysis for Melbourne City in 1996 
Month-Year P (mm) PET (mm) Difference(mm) Moisture Availability 
Jan-1996 116.2 116.2 0.0 Balance 
Feb-1996 87.0 83.8 3.2 Recharge 
Mar-1996 42.8 88.0 -45.2 Recharge + Depletion Deficit 
Apr-1996 130.4 50.5 79.9 Deficit +Recharge 
May-1996 32.2 43.5 -11.3 Recharge +Depletion 
Jun-1996 71.4 29.5 41.9 Depletion +Recharge +Surplus 
Jul-1996 72.8 27.5 45.3 Surplus 
Aug-1996 52.8 37.2 15.6 Surplus 
Sep-1996 62.4 45.8 16.6 Surplus 
Oct-1996 48.4 71.6 -23.2 Surplus + Depletion 
Nov-1996 37.0 77.0 -40.0 Depletion 
Dec-1996 23.6 92.5 -68.9 Depletion + Deficit 
Jan-1997 29.2 130.6 -101.4 Deficit 
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Moisture budget curve characterized by precipitation and potential evapotranspiration in 1996 
is shown in Fig. 3-9. It can be seen that from mid-summer to early autumn, Melbourne had 
experienced an unusual heavy rainfall event and the resulting water recharge. This was 
followed by water depletion in March until deficit in mid-autumn. An extraordinary wetting 
period of 6 months was took place in early April until middle October, with only small amount 
of water depletion at end of May. This leads to the presence of soil moisture surplus from mid-
winter to mid-spring. During spring, soil moisture was quickly absorbed by vegetation, 
particularly mature grasses, and then die off after water has been depleted. It is interesting to 
be noted that there are a total of 3 cycles of periodic wetting and drying which is explanatory 
of the highly variable climate for Melbourne in 1996. 
 
 
 
 
Fig. 3-9 Moisture Budget Profile for Melbourne City in 1996 
 
 
      3.4.1.2 TMI Analysis for City of Greater Geelong  
 
 TMI analysis from 1954 to 1973 
 
Annual precipitation and TMI values of Geelong from 1954 to 1973 are shown in Table 3-12. 
During this period, the highest annual total rainfall (73 cm) was recorded in 1973 which leads 
to a largest positive TMI value of 1. In 1967, the precipitation was only 27 cm which was the 
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lowest and result in the smallest TMI value of -35 in the study period. The precipitation and 
TMI trends over 20-year study period is depicted in Fig. 3-10. Despite the trends exhibited 
marked variation about the mean values, the patterns of TMI and precipitation changes were 
quite similar. Fig. 3-10 is demonstrable for the highly variable climate of Geelong which 
exhibiting the significant variation about the mean of 54 cm for precipitation and -15 for TMI.  
 
As shown in Fig. 3-10, it can be seen that TMI increased dramatically from -15 in 1954 to -3 
in 1955, but same amount of rainfall (61 mm) for both year. This is attributable to the effect of 
temporal distribution of rainfall. The linear relationship between TMI and annual precipitation 
is shown in Fig. 3-11. It can be seen that the coefficient of determination R2 of 0.88 is obtained 
which indicated a strong positive correlation.  
 
Table 3-12 Annual TMI and Precipitation Value for Geelong from 1954 to 1973 
Year 
Annual Precipitation 
(AP)(cm) 
Diff. between the Mean 
and AP (cm) 
TMI 
Diff. between the Mean 
and Annual TMI 
1954 61 8 -15 0 
1955 61 8 -3 12 
1956 56 2 -13 3 
1957 49 -5 -17 -2 
1958 53 -1 -16 -1 
1959 52 -2 -17 -2 
1960 55 1 -13 3 
1961 39 -15 -30 -14 
1962 49 -5 -19 -4 
1963 53 0 -16 -1 
1964 68 14 -6 9 
1965 52 -1 -9 7 
1966 60 6 -13 2 
1967 27 -27 -35 -20 
1968 48 -5 -21 -6 
1969 47 -7 -22 -7 
1970 70 16 -6 9 
1971 57 4 -9 6 
1972 42 -12 -27 -11 
1973 73 20 1 16 
Mean 54  -15  
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Fig. 3-10 Variation in Annual Precipitation and TMI (Geelong, 1954-1973) 
 
 
 
 
Fig. 3-11 Correlation between Annual Precipitation and TMI (Geelong, 1954-1973) 
 
Differences between the mean values and annual precipitation and TMI are also presented in 
Table 3-12. The largest discrepancy of -20 TMI units was occurred in 1967 whereas the biggest 
difference in precipitation was also observed in the same year with the lowest annual rainfall 
of 27 cm. Therefore, 1967 as the driest year between 1954 and 1973 was selected for further 
analysis in which the soil moisture budget method was used to estimate the overall availability 
of moisture during 1967. 
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Table 3-13 Moisture Availability Analysis for Geelong in 1967 
Month-Year P (mm) PET (mm) Difference(mm) Moisture Availability 
Jan-1967 16.5 99.7 -83.2 Deficit 
Feb-1967 1.3 93.2 -91.9 Deficit 
Mar-1967 9.3 81.7 -72.4 Deficit 
Apr-1967 16.6 57.5 -40.9 Deficit 
May-1967 32.1 42.2 -10.1 Deficit 
Jun-1967 22.2 25.8 -3.6 Deficit 
Jul-1967 21.5 27.1 -5.6 Deficit 
Aug-1967 60.3 31.3 29.0 Deficit +Recharge 
Sep-1967 38.4 41.6 -3.2 Recharge +Depletion 
Oct-1967 5.5 65.9 -60.4 Depletion + Deficit 
Nov-1967 14.1 78.1 -64.0 Deficit 
Dec-1967 30.9 92.0 -61.1 Deficit 
Jan-1968 23.4 118.8 -95.4 Deficit 
 
The moisture variation curves in Fig. 3-12 illustrated the effect of precipitation and potential 
evapotranspiration on moisture availability for Geelong soils in 1967. It is clearly observed 
that water deficit has occurred in summer until the end of winter and late spring months. During 
late winter and early spring, water recharge took place when precipitation exceeds potential 
evapotranspiration followed by water depletion in October. Periodic drying and wetting is also 
demonstrated in the graph. As can be seen that soil had experienced the drying climate during 
1967 with only 2 dominate wetting months to allow soil moisture to be recharged. 
 
 
 
Fig. 3-12 Moisture Budget Profile for Geelong in 1967 
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 TMI analysis from 1974 to 1993 
 
Annual precipitation and TMI values of Geelong from 1974 to 1993 are shown in Table 3-14. 
It is notable that 1978 had the highest annual total rainfall of 76 cm while the lowest annual 
precipitation of 28 cm occurred in 1982, leading to the smallest TMI value of -38 in the study 
period. It is interesting that the only positive TMI in 1978 correspond with the highest 
precipitation of 76 cm. The TMI and precipitation trends for Geelong over the 20 year study 
period is shown in Fig. 3-13. It can be seen that the variation trends for these two parameters 
is slightly different. It is noted that three consecutive years (i.e. from 1984 to 1986) having the 
same among of rainfall, but different TMI values (ranges from -16 to -20) were obtained. This 
can be attributed to the effect of temporal distribution of precipitation. The correlation between 
TMI and annual precipitation is shown in Fig. 3-14 with a coefficient of determination (R2) of 
0.82, slightly smaller than that obtained from the 1954-1973 period.  
 
Table 3-14 Annual TMI and Precipitation Value for Geelong from 1974 to 1993 
Year 
Annual Precipitation 
(AP)(cm) 
Diff. between the Mean 
and AP (cm) 
TMI 
Diff. between the Mean 
and Annual TMI 
1974 66 11 -4 11 
1975 56 1 -10 4 
1976 50 -5 -22 -8 
1977 48 -7 -18 -3 
1978 76 21 1 16 
1979 40 -15 -20 -5 
1980 53 -2 -18 -4 
1981 59 4 -12 3 
1982 28 -27 -38 -23 
1983 59 4 -8 6 
1984 51 -4 -18 -4 
1985 51 -4 -20 -5 
1986 51 -4 -16 -1 
1987 58 3 -12 3 
1988 61 6 -18 -3 
1989 62 7 -2 13 
1990 53 -2 -18 -3 
1991 51 -4 -18 -3 
1992 68 13 -9 5 
1993 59 4 -10 4 
Mean 55  -15  
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Fig. 3-13 Variation in Annual Precipitation and TMI (Geelong, 1974-1993) 
 
 
 
 
Fig. 3-14 Correlation between Annual Precipitation and TMI (Geelong, 1974-1993) 
 
 
As shown in Table 3-14, it can be seen that the mean annual precipitation for the 1974-1993 
period was 55 cm which was 1 cm larger than the 1st 20 year interval (see Table 3-12). It seems 
that no evident climate change was occurred in the 2nd 20 year interval compare to 1954-1973 
period as TMI value remain unchanged. Apparently 1982 was the driest year in the 20-year 
study period since its TMI (-38) is 23 units smaller than the mean TMI and thus moisture 
variation profile for 1982 was established to estimate water deficit, soil water depletion, soil 
water recharge and water surplus. 
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Table 3-15 Moisture Availability Analysis for Geelong in 1982 
Month-Year P (mm) PET (mm) Difference(mm) Moisture Availability 
Jan-1982 33.9 125.4 -91.5 Deficit 
Feb-1982 1.2 87.9 -86.7 Deficit 
Mar-1982 30.1 91.0 -60.9 Deficit 
Apr-1982 21 56.5 -35.5 Deficit 
May-1982 36.6 40.8 -4.2 Deficit 
Jun-1982 21.8 21.1 0.7 Deficit + Recharge 
Jul-1982 10.7 20.4 -9.7 Recharge +Depletion+ Deficit 
Aug-1982 9.6 38.2 -28.6 Deficit 
Sep-1982 28.5 37.8 -9.3 Deficit 
Oct-1982 26.3 59.3 -33.0 Deficit 
Nov-1982 6.6 89.3 -82.7 Deficit 
Dec-1982 49.8 99.4 -49.6 Deficit 
Jan-1983 16.8 99.2 -82.4 Deficit 
 
 
 
 
Fig. 3-15 Moisture Budget Profile for Geelong in 1982 
 
Soil moisture availability determined from the difference between precipitation and potential 
evapotranspiration for each month of 1982 is shown in Fig. 3-15. It can be seen that the 
resulting water deficit due to the predominant drying climate lasted more than 11 months in 
the year, commenced from January to mid-June followed by a little water recharge of 0.7 mm 
which was rapidly utilized before the next drying period of 5 months. Such long period of water 
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deficit which resulted from lesser rainfall and higher potential evapotranspiration rate, is 
considered to be the primary causes of the severe aridity in 1982. 
 
 TMI analysis from 1994 to 2013 
 
 
Table 3-16 Annual TMI and Precipitation Value for Geelong from 1994 to 2013 
Year 
Annual Precipitation 
(AP)(cm) 
Diff. between the Mean 
and AP (cm) 
TMI 
Diff. between the Mean 
and Annual TMI 
1994 42 8 -26 8 
1995 62 -12 -12 -6 
1996 48 1 -15 -4 
1997 48 2 -20 2 
1998 47 3 -20 2 
1999 43 7 -25 7 
2000 51 -1 -15 -4 
2001 68 -18 -4 -14 
2002 39 11 -24 5 
2003 50 0 -17 -1 
2004 53 -3 -16 -2 
2005 59 -9 -13 -6 
2006 29 21 -37 18 
2007 51 -1 -22 4 
2008 37 13 -28 9 
2009 41 9 -27 9 
2010 58 -9 -14 -5 
2011 67 -17 -4 -15 
2012 61 -11 -7 -11 
2013 45 5 -24 5 
Mean 50  -18  
 
Annual precipitation and TMI values of Geelong from 1994 to 2013 are given in Table 3-16. 
The highest and lowest annual total precipitation of 68 cm and 29 cm has occurred respectively 
in 2001 and 2006. There is no presence of positive TMI value in recent 20 years. It is noted that 
the largest negative TMI value of -4 in 2001 and 2011 correspond with a similar amount of 
rainfall. TMI trends line plotted for Geelong is presented in Fig. 3-16. The trends is illustrative 
of the highly variable climate for Geelong in the study period. Fig. 3-16 shows that Geelong 
had four consecutive drought years from 2006 to 2009 with TMI (varying between -22 to -37) 
significant lower than the mean TMI of -18. Fig. 3-17 indicates the correlation between TMI 
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and annual rainfall for Geelong. It can be seen that the coefficient of determination R2 of 0.93 
is obtained which is the highest compared to the 1st and 2nd 20 year interval and this indicated 
a very good linear correlation between TMI and precipitation in the study period. 
 
 
 
Fig. 3-16 Variation in Annual Precipitation and TMI (Geelong, 1994-2013) 
 
 
 
 
Fig. 3-17 Correlation between Annual Precipitation and TMI (Geelong, 1994-2013) 
 
 
It can be seen from Table 3-16, there is a rapid change in mean annual precipitation and TMI 
value, which decreased, respectively, from 55 cm (1974-1993) to 50 cm (1994-2013) and -15 
(1974-1993) to -18 (1994-2013). This is attributable to the prolonged drought of 4 consecutive 
years (i.e. from 2006 to 2009). Thus 2006, as the driest year for the 1994-2013 period, was 
selected for further analysis in which the soil moisture budget method was used to estimate the 
overall availability of moisture during 2006. 
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Table 3-17 Moisture Availability Analysis for Geelong in 2006 
Month-Year P (mm) PET (mm) Difference(mm) Moisture Availability 
Jan-2006 26.8 115.8 -89.0 Deficit 
Feb-2006 16.0 79.7 -63.7 Deficit 
Mar-2006 7.0 89.4 -82.4 Deficit 
Apr-2006 29.4 49.5 -20.1 Deficit 
May-2006 70.4 37.9 32.5 Deficit +Recharge 
Jun-2006 16.0 22.7 -6.7 Recharge + Depletion 
Jul-2006 27.8 29.8 -2.0 Depletion 
Aug-2006 24.2 34.8 -10.6 Depletion 
Sep-2006 32.0 46.0 -14.0 Depletion + Deficit 
Oct-2006 11.2 59.6 -48.4 Deficit 
Nov-2006 14.8 71.6 -56.8 Deficit 
Dec-2006 9.8 93.2 -83.4 Deficit 
Jan-2007 34.6 115.1 -80.5 Deficit 
 
 
       
 
Fig. 3-18 Moisture Budget Profile for Geelong in 2006 
 
Moisture budget curve characterized by precipitation and potential evapotranspiration in 2006 
is shown in Fig. 3-18. It can be seen that from January to mid-May, there was a marked 
difference between precipitation and potential evapotranspiration which caused significant 
water deficit. This was followed by a short period of water recharge, which was utilized in the 
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next 3 months before commencement of the second round of water deficit in September. Water 
surplus did not occur from January 2006 to January 2007. It is worth mentioning that Geelong 
soils had experienced the drying climate in 2006 with only 2 dominate wetting months to allow 
soil moisture to be recharged. 
 
      3.4.1.3 TMI Analysis for Laverton 
 
 TMI analysis from 1954 to 1973 
 
Table 3-18 Annual TMI and Precipitation Value for Laverton from 1954 to 1973 
Year 
Annual Precipitation 
(AP)(cm) 
Diff. between the Mean 
and AP (cm) 
TMI 
Diff. between the Mean 
and Annual TMI 
1954 59 0 -18 -7 
1955 61 2 -3 8 
1956 57 -2 -11 0 
1957 47 -11 -19 -9 
1958 54 -5 -16 -5 
1959 55 -4 -17 -7 
1960 71 12 7 18 
1961 54 -5 -18 -7 
1962 54 -5 -14 -3 
1963 68 9 -2 9 
1964 71 13 -4 7 
1965 54 -5 -7 4 
1966 69 10 -7 4 
1967 29 -30 -31 -20 
1968 47 -12 -23 -12 
1969 54 -5 -16 -5 
1970 72 13 -6 5 
1971 66 7 -6 5 
1972 53 -6 -14 -4 
1973 81 22 8 -19 
Mean 59  -11  
 
Annual precipitation and TMI values of Laverton for 1954 - 1973 period are shown in Table 3-
18. During this period, the highest annual total rainfall (71 cm) was recorded in 1960 and 1964, 
but different TMI value was obtained due to the effect of temporal distribution of rainfall. In 
1967, the precipitation was only 29 cm which was the lowest and lead to the smallest TMI value 
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of -31 in the study period. The precipitation and TMI trends for the 1st 20 year study period is 
depicted in Fig. 3-19. Although the trends exhibited marked variation about the mean values, 
the patterns of TMI and precipitation changes were quite similar. As shown in Fig. 3-19, the 
TMI increased dramatically from -18 in 1954 to -3 in 1955, with only 2 cm differences of their 
corresponding annual precipitation. The linear relationship between TMI and annual 
precipitation is shown in Fig. 3-20. It can be seen that the coefficient of determination R2 of 
0.81 is obtained which indicated a strong positive correlation. 
 
 
 
Fig. 3-19 Variation in Annual Precipitation and TMI (Laverton, 1954-1973) 
 
 
 
Fig. 3-20 Correlation between Annual Precipitation and TMI (Laverton, 1954-1973) 
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Differences between the mean values and annual precipitation and TMI are also presented in 
Table 3-18. The largest discrepancy of -20 TMI units was occurred in 1967 whereas the biggest 
difference in precipitation was also observed in the same year with the lowest annual rainfall 
of 29 cm. Therefore, 1967 as the driest year between 1954 and 1973 was selected for further 
analysis in which the soil moisture budget method was used to estimate the overall availability 
of moisture during 1967. 
 
Table 3-19 Moisture Availability Analysis for Laverton in 1967 
Month-Year P (mm) PET (mm) Difference(mm) Moisture Availability 
Jan-1967 20.9 100.6 -79.7 Deficit 
Feb-1967 2.3 95.1 -92.8 Deficit 
Mar-1967 13.6 81.5 -67.9 Deficit 
Apr-1967 14.0 58.3 -44.3 Deficit 
May-1967 30.4 41.6 -11.2 Deficit 
Jun-1967 33.9 25.5 8.4 Deficit + Recharge 
Jul-1967 30.8 25.6 5.2 Recharge 
Aug-1967 62.7 29.6 33.1 Recharge 
Sep-1967 40.0 39.1 0.9 Recharge 
Oct-1967 17.4 64.9 -47.5 Recharge +Depletion 
Nov-1967 4.2 78.3 -74.1 Depletion + Deficit 
Dec-1967 24.4 91.0 -66.6 Deficit 
Jan-1968 50.1 120.2 -70.1 Deficit 
 
 
 
Fig. 3-21 Moisture Budget Profile for Laverton in 1967 
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The moisture variation curve in Fig. 3-21 illustrated the effect of precipitation and potential 
evapotranspiration on moisture availability for Laverton soils in 1967. Water deficit presented 
in summer, autumn and later spring was clearly presented in the moisture budget curve (Fig. 
3-21). During winter and early spring, water recharged after precipitation exceeds potential 
evapotranspiration, this was followed by a short period of water depletion before 
commencement of the second round of water deficit in November. Obviously, Laverton soil 
had experienced the drying climate in most time over the year with only four dominate wetting 
months to allow soil moisture to be recharged. 
 
 TMI analysis from 1974 to 1993 
 
Table 3-20 Annual TMI and Precipitation Value for Laverton from 1974 to 1993 
Year 
Annual Precipitation 
(AP)(cm) 
Diff. between the Mean 
and AP (cm) 
TMI 
Diff. between the Mean 
and Annual TMI 
1974 71 15 1 15 
1975 67 11 -2 13 
1976 46 -9 -21 -7 
1977 72 16 10 24 
1978 78 23 2 17 
1979 53 -3 -12 2 
1980 45 -11 -25 -11 
1981 50 -6 -20 -6 
1982 37 -19 -31 -16 
1983 54 -2 -13 1 
1984 45 -11 -23 -9 
1985 55 -1 -21 -6 
1986 42 -13 -19 -5 
1987 64 9 -6 8 
1988 51 -5 -20 -5 
1989 57 1 -14 0 
1990 47 -8 -22 -8 
1991 53 -3 -16 -2 
1992 66 10 -17 -3 
1993 63 7 -16 -2 
Mean 56  -14  
 
Annual precipitation and TMI values of Laverton from 1974 to 1993 are shown in Table 3-20. 
It is notable that 1978 had the highest annual total rainfall of 78 cm while the lowest annual 
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precipitation of 37 cm occurred in 1982, resulting in the smallest TMI value of -31 in the study 
period. It is worth mentioning that the highest positive TMI did not correspond with the highest 
precipitation but occurred in 1977 with annual total rainfall of 72 cm, 6 cm lesser than the 
highest annual total rainfall (78mm in 1978) for the 1974-1993 period. The TMI and 
precipitation trends for Laverton over the 20 year study period is shown in Fig. 3-22. Although 
the trends exhibited significant variation about the mean values, the patterns of TMI and 
precipitation changes were quite similar. From Fig. 3-22 and Table 3-20, it can been seen that 
TMI decrease dramatically from -2 in 1975 to -21 in 1976. This significant change can be 
attributed to the effect of temporal distribution of rainfall. The correlation between TMI and 
annual precipitation is shown in Fig. 3-23 with a coefficient of determination (R2) of 0.78, 
slightly smaller than that obtained from the 1st 20 year study period (i.e. 1954-1973). 
 
 
 
Fig. 3-22 Variation in Annual Precipitation and TMI (Laverton, 1974-1993) 
 
 
 
 
Fig. 3-23 Correlation between Annual Precipitation and TMI (Laverton, 1974-1993) 
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As can be seen in Table 3-20, the mean annual precipitation from 1974 to 1993 is 56 cm, 3 cm 
lesser than the 1st 20 year study period. An increase in aridity is evident based on the mean TMI 
value which decreased from -11 (1954-1973) to -14 (1974-1993). Laverton had suffered a 
wettest climate in 1977 since it had a TMI of 10, which is the largest positive TMI for the 2nd 
20 year study period, besides, this value is 24 units larger than the mean TMI. Therefore, the 
soil moisture budget curve was utilized to assess the moisture availability in 1977. 
 
Table 3-21 Moisture Availability Analysis for Laverton in 1977 
Month-Year P (mm) PET (mm) Difference(mm) Moisture Availability 
Jan-1977 58.2 111.4 -53.2 Deficit 
Feb-1977 49.0 89.6 -40.6 Deficit 
Mar-1977 21.6 85.6 -64.0 Deficit 
Apr-1977 199.8 50.7 149.1 Deficit +Surplus 
May-1977 61.0 39.0 22.0 Surplus 
Jun-1977 88.6 26.1 62.5 Surplus 
Jul-1977 49.6 22.8 26.8 Surplus 
Aug-1977 28.2 39.5 -11.3 Surplus +Depletion 
Sep-1977 80.2 36.4 43.8 Depletion +Recharge+ Surplus 
Oct-1977 25.8 71.1 -45.3 Surplus +Depletion 
Nov-1977 38.0 74.0 -36.0 Depletion 
Dec-1977 15.0 99.0 -84.0 Depletion + Deficit 
Jan-1978 42.4 108.0 -65.6 Deficit 
 
 
 
 
Fig. 3-24 Moisture Budget Profile for Laverton in 1977 
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Soil moisture availability determined from the difference between precipitation and potential 
evapotranspiration for each month of 1982 is shown in Fig. 3-24. It is seen that the resulting 
water deficit due to the predominant drying climate lasted more than 3 months from January to 
mid-April followed by an extraordinary wetting period of 4 months, which leads to the presence 
of soil moisture surplus from mid-autumn to late winter. There was a short period of water 
depletion before soils get recharged until the occurrence of surplus at the end of September. It 
is noted that there are more than 2 cycles of periodic wetting and drying which is illustrative 
of the highly variable climate for Laverton in 1977. 
 
 TMI analysis from 1994 to 2013 
 
Table 3-22 Annual TMI and Precipitation Value for Laverton from 1994 to 2013 
Year 
Annual Precipitation 
(AP)(cm) 
Diff. between the Mean 
and AP (cm) 
TMI 
Diff. between the Mean 
and Annual TMI 
1994 37 -10 -30 -8 
1995 68 21 -5 17 
1996 50 3 -15 7 
1997 33 -14 -33 -12 
1998 46 -1 -22 -1 
1999 44 -3 -25 -3 
2000 51 4 -18 4 
2001 57 10 -15 7 
2002 34 -13 -31 -9 
2003 43 -4 -26 -4 
2004 50 3 -20 2 
2005 49 2 -22 0 
2006 34 -14 -33 -11 
2007 42 -5 -28 -6 
2008 37 -10 -31 -9 
2009 36 -11 -32 -10 
2010 61 14 -14 8 
2011 77 29 6 28 
2012 47 -1 -22 0 
2013 49 2 -21 1 
Mean 47  -22  
 
Annual precipitation and TMI values of Laverton from 1994 to 2013 are given in Table 3-22. 
It can be seen that the highest and lowest annual total precipitation of 77 cm and 33 cm has 
CHAPTER 3  104 
 
occurred respectively in 2011 and 1997. It is noted that the largest positive TMI value of 6 in 
2011 correspond to a highest annual rainfall. TMI trends line plotted for Laverton is presented 
in Fig. 3-25. Variation about the trends line can be explained by the temporal rainfall 
distribution and the effect of potential evapotranspiration with in any given year. Fig. 3-25 
shows that Laverton had four consecutive drought years from 2006 to 2009 with TMI (varying 
between -28 to -33) significant lower than the mean TMI of -22. Fig. 3-26 indicates the 
correlation between TMI and annual rainfall for Laverton. It can be seen that the coefficient of 
determination R2 of 0.96 is obtained which is the highest compared to the 1st and 2nd 20 year 
interval and this indicated a very good linear correlation between TMI and precipitation in the 
study period. 
 
 
 
Fig. 3-25 Variation in Annual Precipitation and TMI (Laverton, 1994-2013) 
 
 
 
 
Fig. 3-26 Correlation between Annual Precipitation and TMI (Laverton, 1994-2013) 
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It is seen from Table 3-22, there is a marked decrease in mean annual precipitation and TMI 
value, which decreased, respectively, from 56 cm (1974-1993) to 47 cm (1994-2013) and -14 
(1974-1993) to -22 (1994-2013). This is attributable to an extraordinary drought of 4 
consecutive years from 2006 to 2009. Laverton had suffered a highly variable climate in 2011 
since it had a TMI of 6, which is the largest positive TMI in recent 20 years and this value is 28 
units larger than the mean TMI. Therefore, the soil moisture budget curve was delineated to 
assess the moisture availability in 2011. 
 
 
Table 3-23 Moisture Availability Analysis for Laverton in 2011 
Month-Year P (mm) PET (mm) Difference(mm) Moisture Availability 
Jan-2011 111.4 118.2 -6.8 Deficit 
Feb-2011 179.0 84.4 94.6 Deficit + Recharge 
Mar-2011 19.0 79.9 -60.9 Recharge + Depletion 
Apr-2011 52.6 51.9 0.7 Depletion +  Recharge 
May-2011 49.4 35.1 14.3 Recharge 
Jun-2011 24.2 25.6 -1.4 Recharge + Depletion 
Jul-2011 23.0 27.4 -4.4 Depletion 
Aug-2011 11.6 36.6 -25.0 Depletion 
Sep-2011 42.8 45.7 -2.9 Depletion 
Oct-2011 60.0 65.2 -5.2 Depletion 
Nov-2011 117.0 86.9 30.1 Depletion + Recharge 
Dec-2011 77.4 102.1 -24.7 Recharge + Depletion 
Jan-2012 22.6 120.5 -97.9 Depletion + Deficit 
 
Moisture budget curve characterized by precipitation and potential evapotranspiration in 2011 
is delineated in Fig. 3-27. It can be seen that soil had experienced moisture deficit at beginning 
of the year followed by a short period of water recharge (94.6mm), which was quickly utilized 
by vegetation before the second round of recharge in late autumn and early winter to allow 
moisture to be used by surface grasses in mid-winter until mid-spring. Another round of heavy 
rainfall event was occurred in late spring followed by a short period of drying at end of the 
year. There are a total of 3 cycles of periodic wetting and drying which is illustrative of the 
highly variable climate for Laverton in 2011. 
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Fig. 3-27 Moisture Budget Profile for Laverton in 2011 
 
 
3.5 The Development of TMI Based Isopleth Map 
 
Although TMI based isopleth maps have been developed for many parts of Australia, the 
discrepancies caused by inconsistencies in maps produced by different authors are rarely 
discussed. The inconsistencies can be attributed to different assumptions and PET calculation 
methods adopted by different authors, difference in quality and quantity of meteorological data 
used in the computation and decisions made in conducting interpolations of the point data. It 
is the author’s opinion that in order to allow TMI contour maps to be compared and assessed, 
it is necessary for authors to provide sufficient information including the source of the climate 
data employed, equations and methods used in TMI calculations, assumptions made in map 
delineation and the presentation of the position of weather stations in base map upon which 
interpolation is based. If such information is not provided, it is difficult to resolve 
inconsistencies in the TMI maps developed by different authors. 
 
In this study, historical meteorological data acquired from 70 weather observation stations in 
Victoria were used to create the maps of TMI isopleths for 3 x 20 year periods (i.e. 1954-1973, 
1974-1993 and 1994-2013). A total of six TMI contour maps for Victoria were developed, three 
of them based on the original Thornthwaite equation (Eq. 2-17) and another three maps based 
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on the simplified Thornthwaite method (Eq. 2-19). Year-by-year analysis method was applied 
for TMI calculations. Climate zoning of Victoria was also shown to present the climate change 
since 1954. 
 
      3.5.1 Methodology  
 
Step 1: Base map selection 
 
 
 
 
Fig. 3-28 The Base Map with the Boundary of Victoria 
 
 
First of all, a blank map with only the boundary of Victoria was selected as a base map (Fig. 
3-28). This map was delineated based on Australian Geodetic Datum 1994 (GDA94), which is 
a system of latitudes and longitudes, or east and north coordinates. GDA94 has superseded the 
existing Australian Geodetic Datum 1984 (AGD84) as well as the older coordinate systems, 
and is considered to be the most effective datum as it provides compatibility with satellite 
navigation systems such as the Global Positioning System (GPS). 
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Fig. 3-29 The Spatial Distribution of Weather Observation Stations in Victoria 
(Refer Fig. E7 in Appendix E for Detailed View) 
 
 
Step 2: Post map production 
 
Secondly, the based map of Victoria was imported into Surfer – a powerful contouring, 
gridding and surface mapping software that can accurately transforms XYZ data into 
spectacularly colorful contour and surface. The coordinates of 70 weather observation stations 
in Victoria obtained from the Bureau of Meteorology (BOM) were entered into Surfer11 to 
establish a map (Fig. 3-29) showing the spatial distribution of all the weather observation 
stations in Victoria. 
 
Step 3: Contour map development 
 
Thirdly, create a ‘grid’ file which contains latitude and longitude of all weather stations as well 
as their corresponding TMI values, and then use the Contour Map commend in Surfer11 to 
delineate TMI isopleth. The ‘Kriging’ statistical gridding method was selected as it provides 
the best linear unbiased prediction of the intermediate values. Fig. 3-30 shows the mean TMI 
isopleth map of Victoria from 1994 to 2013. It can be seen that the boundary of Victoria was 
not appeared in the map and thus the Blank commend shall be applied. Blank is a function 
used to hide areas outside the predefined boundary in a format of ‘bln’ file. The coordinate of 
Victoria boundary can be obtained from the base map, and thus a ‘bln’ file is generated to blank 
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areas outside the Victoria boundary. A TMI contour map after applying a ‘bln’ file is shown in 
Fig. 3-31. 
 
 
 
 
Fig. 3-30 The TMI Contour Map of Victoria (1994 - 2013) before Applying Blank Command 
 
 
 
Fig. 3-31 The TMI Contour Map of Victoria (1994 - 2013) after Applying Blank Command 
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Fig. 3-32 Colored Mean TMI Contour Map for Victoria 
 
Step 4: Labeling and coloring  
 
Lastly, add climate zones in the map based on TMI threshold introduced in AS2870-2011 and 
then add color fill between contours to indicate the extent of aridity and humidity. As shown 
in Fig. 3-32, there are some gaps or voids near the boundary line. This is because Surfer11 is a 
grid based software, in another words, this map was delineated based on millions of small grids 
and thus colour cannot be filled smoothly long the boundary line. Therefore, gaps in between 
were filled using software Photoshop. 
 
Step 1-4 were repeated for producing all six TMI isopleth maps. The details are presented in 
the following sections. 
 
      3.5.2 The Delineation of TMI Isopleth Map of Victoria Based on the Original Eq. 2-17 
 
      3.5.2.1 The Delineation of TMI Isopleth Map of Victoria from 1954 to 1973 
 
TMI isopleth map of Victoria from 1954 to 1973 is presented in Fig. 3-33, which shows that 
Victoria can be classified into 5 climate zones based on Table 2.5 of AS2870-2011. The semi-
arid zone (i.e. zone 5) was mainly located in north-west of the state while the wettest zone (i.e. 
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zone 1) spread out along the southern and eastern coastal areas. The highest negative TMI value 
occurred in north-west area can be attributed to the long period and high frequency drought 
whereas large positive TMI values presented in southern regions are the result of the moist 
coastal climate. Central Victoria was in climate zone 3 which has TMI values varying from -
15 to -5. It is interesting to note that East Sale in the west & south Gippsland region tends to 
have more arid soil than its surrounding regions since it was in climate zone 3 compared to 
zone 2 for its neighbouring areas. As can be seen from Fig. 3-33, Melbourne Metropolitan area 
was in climate zone 2 and zone 3 where soils in south-west part such as Laverton had 
experienced relatively drier climate than those in south and south-east part. The drier climate 
indicates the incidence of moisture variation induced foundation movement is higher in 
Melbourne south -western suburbs than elsewhere. 
 
 
 
Fig. 3-33 Mean TMI Contour Map for Victoria from 1954 to 1973 Delineated Based on the 
Original Thornthwaite Equation (Eq. 2-17) 
(Refer Fig. E8 in Appendix E for Detailed View) 
 
It should be pointed out that this TMI contour map was delineated based on climatic parameters 
from 26 weather observation stations since long-term climate records were rarely available for 
the 1954 - 1973 period. Thus, a relatively lower confidence level is obtained compared to TMI 
maps of other two 20 year intervals, although this does not affect the general trend of TMI 
isoline. 
CHAPTER 3  112 
 
      3.5.2.2 The Delineation of TMI Isopleth Map of Victoria from 1974 to 1993 
 
Fig. 3-34 shows that climate zone 5 had extended towards to southern and eastern Victoria 
compared to previous 20 year TMI contour map (i.e. Fig. 3-33). Climate zone 1 and zone 2 at 
south-east, south-west and east region had also grown towards to the central region which leads 
to marked shrinkage of the central areas. Soils in south-east inland regions had experienced 
more humid climate since the more moist climate zone 1 at southern coastal had expanded 
further to northern inland region whereas zone 1 at north-east part has suffered the drying 
climate and as a result, this regions was superseded by climate zone 2. The mean TMI value of 
-7 for East Sale in previous 20 year interval has increased to -5, which indicates a wetter climate 
and thus this area was reclassified as zone 2. The climate of Melbourne Metropolitan area 
remains the same except for Melbourne city, which changed to climate zone 3 from zone 2 due 
to the drying climate. The general decrease of TMI value across various locations of Victoria 
indicates that climate was shifting towards to a more arid state in 20-year period which implies 
the greater depth of design soil suction change and the rising incidence of excessive ground 
surface movement. 
 
 
 
Fig. 3-34 Mean TMI Contour Map for Victoria from 1974 to 1993 Delineated Based on the 
Original Thornthwaite Equation (Eq. 2-17) 
(Refer Fig. E9 in Appendix E for Detailed View) 
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      3.5.2.3 The Delineation of TMI Isopleth Map of Victoria from 1994 to 2013 
 
 
 
Fig. 3-35 Mean TMI Contour Map for Victoria from 1994 to 2013 Delineated Based on the 
Original Thornthwaite Equation (Eq. 2-17) 
(Refer Fig. E10 in Appendix E for Detailed View) 
 
Comparing Fig. 3-35 with Fig. 3-34 and 3-33 reveals that the biggest TMI variation has 
occurred in recent 20-year period due to significant change of climate. The extremely arid 
climate accelerates desiccation of soils. As shown in Fig. 3-35, soil in far north-west region 
have been experienced the driest climate condition which result in the occurrence of climate 
zone 6. The drying in zone 5 and zone 4 has expanded further to south-west of the state and as 
a consequence, climate zone 3 was shifted to south-west region and the central Victoria which 
previously predominated by climate zone 3 has been superseded by zone 4. A marked reduction 
of zone 1 along south-west coastal areas is attributable to the growth of drying.  
 
Humid climate has also presented in the past 20 years. It is clearly observed that the north-east 
part of Victoria has experienced a wetter climate since zone 1 at south-east region has expanded 
to far north-east border which result in a significant shrinkage of climate zone 2. The mean 
TMI value of -5 for East Sale in previous 20 year interval has now reduced to -19, mainly 
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caused by severe drought. Such aridity has also influenced its surrounding regions. As a result, 
East Sale and its neighbouring areas were re-classified as zone 4 and zone 3 respectively.  
 
The severe desiccation has also spread into Melbourne Metropolitan area which was 
predominated by climate zone 3 and zone 4. It is notable that soils in Melbourne CBD and 
south-west areas have experienced the greater drought than those in north and north -east region. 
This implies the incidence of soil moisture change caused ground movement is higher in 
Melbourne city and south-western suburbs than elsewhere. The overall decrease in TMI value 
across various locations across Victoria represented a marked increase in aridity and hence a 
significant reduction in average soil moisture availability, which could potentially result in an 
increase in the severity of cracking of residential footings. 
 
 
       3.5.3 The Delineation of TMI Isopleth Map for Victoria Based on the Simplified Eq. 2-
19 
 
      3.5.3.1 The Delineation of TMI Isopleth Map of Victoria from 1954 to 1973 
 
 
 
Fig. 3-36 Mean TMI Contour Map for Victoria from 1954 to 1973 Delineated Based on the 
Simplified Thornthwaite Equation (Eq. 2-19) 
(Refer Fig. E11 in Appendix E for Detailed View) 
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In addition to the original Thornthwaite equation, the simplified Thornthwaite equation was 
also used to study the change in climate over the last 60 years. Fig. 3-36 shows the mean TMI 
contour map and climate zones for Victoria from 1954 to 1973. Based on the simplified 
Thornthwaite equation and the climate zone definitions given in AS2870-2011, Victoria can 
be classified into 6 climate zones where an additional zone 6 was presented in north-western 
region. It is interesting to note that only 5 zones are presented in Figs. 3-33 and 3-34 which 
were delineated using the original Thornthwaite equation (i.e. Eq. 2-17). From Fig. 3-36, it can 
be seen that TMI gradually increased from north to south and from west to east whereas the 
wettest zones (i.e. zone 1) were distributed along the south and east coastal areas as well as the 
north-east region. The highest negative TMI value presented in the north part of Victoria was 
the result of a long period and high frequency aridity whilst large positive TMI values occurred 
in southern regions were attributable to the humid coastal climate. There were a few climate 
zones across the central region of Victoria, varying from zone 3 to zone 5 with the 
corresponding TMI values ranging from -5 to -40. It seems that soil in East Sale tend to be 
more arid than its surrounding areas since it was in climate zone 3 compared to zone 2 for its 
neighbouring regions.  
 
It can be seen from Fig. 3-36, Melbourne Metropolitan area was predominated by climate zone 
3 and zone 4 where soils in south-western area such as Essendon airport and Laverton, had 
experienced relatively drier climate than those in north and north-east area. Such drier climate 
implies that the incidence of moisture change induced foundation movement would be higher 
in south -western suburbs of Melbourne than elsewhere. 
 
      3.5.3.2 The Delineation of TMI Isopleth Map of Victoria from 1974 to 1993 
 
Based on Victorian climate classification shown in Fig. 3-37, it can be seen that climate zone 
5 and zone 6 has grown further towards to southern and eastern Victoria compared to the 
previous 20 year TMI contour map shown in Fig. 3-36. There was a marked expansion of 
climate zone 1 along southern coastal regions, leading to a significant reduction of climate zone 
2. It seems that the south-east inland regions has experienced a wetter climate since the more 
humid climate zone 1 at southern coastal area has extended further to the north whereas zone 
1 at eastern Victoria has suffered an arid climate and as a consequence, its north-east portion 
was superseded by climate zone 2 and zone 3. It is notable that the climate condition in East 
Sale remains unchanged, however there was a small shrinkage for its neighbouring climate 
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zone 3. Melbourne Metropolitan area has also been affected by a significant increase in aridity. 
For example, a decrease of 4 TMI units in Melbourne CBD area indicates the more severe 
drought and thus its climate was reclassified as zone 4. The western suburbans Laverton and 
Avalon Airport were placed in zone 5, which implies the greater depth of design soil suction 
change and the rising incidence of excessive ground surface movement. 
 
 
 
Fig. 3-37 Mean TMI Contour Map for Victoria from 1974 to 1993 Delineated Based on the 
Simplified Thornthwaite Equation (Eq. 2-19) 
(Refer Fig. E12 in Appendix E for Detailed View) 
 
 
      3.5.3.3 The Delineation of TMI Isopleth Map of Victoria from 1994 to 2013 
 
The most significant climate change has occurred in the past 20-year period since TMI variation 
is the largest compared to the other two TMI contour maps (Fig. 3-36 and 3-37). The extremely 
arid climate accelerates desiccation of soils. As can be seen in Fig. 3-38, the driest soil in the 
state was distributed in far north-west region and its prevailing climate zone 6 has extended to 
further east. The aridity in zone 5 has grown towards to southern Victoria and as a result, the 
south inland regions which previously predominated by climate zone 4 has superseded by zone 
5. A marked reduction of zone 1 along south-west coastal areas can be attributed to the growth 
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of drying. There was also a presence of humid climate in current 20 years. It is clearly noted 
that the north-east part of Victoria has experienced a wetter climate since zone 1 at south-east 
region has expanded to far north-east border which leads to a significant shrinkage of climate 
zone 2 and zone 3. The mean TMI value of -15 for East Sale region in previous 20 year interval 
has becomes to -28, due to the severe drought. Such increasing aridity affected not only East 
Sale but also its neighbouring areas, which were was reclassified as zone 5 and zone 4 
respectively. The severe desiccation has also spread to Melbourne Metropolitan area which 
was placed in climate zone 5 and zone 6. It is notable that soils in south-west regions such as 
Avalon Airport and Laverton, have experienced the greater drought than those in north and 
north-east region. This implies the potential ground movement induced by soil moisture 
variation is higher in south-western suburbs than elsewhere. The most noticeable decrease in 
TMI value across various location of Victoria indicated a marked increase in aridity and hence 
a significant reduction in average soil moisture availability, which could potentially result in 
an increase in the severity of cracking of residential footings. 
 
 
 
 
Fig. 3-38 Mean TMI Contour Map for Victoria from 1994 to 2013 Delineated Based on the 
Simplified Thornthwaite Equation (Eq. 2-19) 
(Refer Fig. E13 in Appendix E for Detailed View) 
 
CHAPTER 3  118 
 
3.6 Conclusion 
 
This Chapter introduced the method of collection of meteorological parameters which were 
used to compute TMI for a period of 60 years (in three by twenty year intervals, i.e. 1954-1973, 
1974-1993 and 1994-2013). There are primarily three climatic parameters required in 
determining TMI, which include monthly precipitation (P), Mean monthly temperature (ti) and 
the day length correction factor (Di) for a particular weather observation station. Precipitation 
and temperature data can be obtained from the Bureau of Meteorology (BOM) website while 
day length correction factor needed for all weather stations was given in Table 2-6. Although 
there are 204 accessible weather stations on the BOM website, only 70 stations across Victoria 
have the fully recorded climatological data required for this study. 
 
In order to demonstrate the methodology of TMI computation, step-by-step TMI derivation 
procedurals for Mildura regions in 2010 were performed, using both original (Eq. 2-17) and 
simplified (Eq. 2-19) equations. According to TMI computation methods introduced, TMI 
values for 70 Victorian weather observation stations have been computed over the past 60 years 
(in three by twenty year intervals, i.e. 1954-1973, 1974-1993 and 1994-2013). It is notable that 
there is a significant difference for TMI values calculated by Eq. 2-17and Eq. 2-19, with latter 
equation has generally a more negative TMI tendency which indicates more arid climate 
condition. The computed mean TMI results showed Victoria has been experienced an 
increasing severity of the desiccation of soils over the past several decades where the most 
noticeable growth of drying has occurred in the recent 20 years since there was a rapid decrease 
of TMI value for almost all studied weather stations except Wonthaggi with a positive growth 
of 3 TMI units. 
 
To investigate how meteorological parameters (e.g., precipitation) would influence the 
computed TMI values, three densely populated regions including Melbourne City (086071), 
Laverton (087031) and Geelong (087025) have been selected in the study. TMI and 
precipitation data were employed in plotting the variation trends line for both parameters in 
three 20 year intervals. For each 20 year interval, a year which has the biggest TMI discrepancy 
from the mean was further analyzed in form of moisture budget profile. The analyzed results 
demonstrated that, generally, TMI values increase with the annual precipitation growth. 
Moreover, according to the correlation between TMI and annual precipitation, it is seen that 
variation about the trends line can be explained by the temporal rainfall distribution and the 
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effect of potential evapotranspiration within any given year. Nonetheless, the results can be 
also used to explain the reason why the highest positive TMI value may not always occurred in 
the same year which has the largest annual precipitation. It is interesting to note that the highest 
coefficient of determination R2 has always occurred in recent 20-year period, which indicated 
a very good linear correlation between TMI and precipitation. In addition, a prolonged drought 
that affected all three studied areas for four consecutive years (from 2006 to 2009) was 
considered as an important factor in contributing the most noticeable growth of drying in recent 
20 years. 
 
Methodology of the development of TMI isopleth map was also presented in this Chapter. An 
Excel spreadsheet template was developed to compute the mean TMI values for 70 weather 
observation stations and Surfer11 software was used for the delineation of isolines in Victoria 
map over the past 60 years (in three by twenty year intervals, i.e. 1954-1973, 1974-1993 and 
1994-2013). A total of 6 TMI contour maps were developed where 3 of them were based on 
the simplified Thornthwaite equation while another 3 were based on the original Thornthwaite 
equation. These maps show that Victoria has experienced a significant growth of drying over 
the past 60 years.  
 
TMI isopleth maps delineated by the use of the original and simplified Thornthwaite 
approaches have been presented and discussed. It is notable that TMI maps developed using 
the simplified Thornthwaite equation (Eq. 2-19) generally show a drier climate condition than 
those produced using the original Thornthwaite equation (Eq. 2-17). To illustrate, there was no 
presence of climate zone 6 for maps produced based on Eq. 2-17 for the first and second 20 
year interval. Only in the recent 20-year period, the extremely arid zone 6 was appeared in 
north-west of the state. In marked contrast, as shown in maps delineated based on Eq. 2-19, the 
existence of climate zone 6 has persisted 60 years since 1954. Generally speaking, TMI 
variation trends are quite similar for TMI contour maps developed using both methods, with 
more severe soil desiccation shown in maps produced by the simplified equation (Eq. 2-19). 
Take the populated Melbourne CBD for example, its prevailing climate zone has changed from 
zone 2 (TMI of -3) to zone 4 (TMI of -15) over the past 60 years based on the original 
Thornthwaite equation whilst according to TMI values derived using the simplified 
Thornthwaite equation, the decrease of TMI from -12 to -28 has resulted in the degradation 
(towards to a more arid condition) of climate zone which changes from zone 3 to zone 5. Such 
TMI variation indicates a higher possibility of building deformation due to ground movement 
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induced by seasonal moisture change, particularly for Melbourne western suburbs such as 
Avalon and Laverton areas. There was also a presence of wetting climate for north-east part of 
Victoria from 1954 to 2013. It is seen that there was only a small area of zone 1 along south-
eastern coastal regions in the 1st 20-year period; however, as a result of significant growth of 
the moist climate, this area has gradually expanded to far north-east regions. 
 
In terms of reliability, it is believed TMI contour maps produced by both equations can truly 
reflect the climate change pattern for Victoria over the past 60 years. However, in terms of 
climate zone classification, map developed based on the original Thornthwaite equation is 
preferred due to (1) it provides a more reasonable climate zoning since the drought was not as 
severe as those predicted based on the simplified equation (2) it presents a similar trend of TMI 
isolines for 1954-1973 period to the Victorian TMI map recorded in AS2870, although the 
length of climate records employed is slightly different (3) TMI computed using original 
Thornthwaite equation was adopted in correlating climate zone under AS2870. 
 
In summary, as a result of climatic variations, soil in Victoria has experienced a significant 
growth of drying over the past 60 years where the most noticeable change has occurred in 
recent 20-year period. This implies an increase in the severity of desiccation of the soil profile, 
which could potentially result in a higher incidence of soil moisture variation induced ground 
movement and the subsequent structural failure. The future climatic variations can be 
forecasted with a given climate change pattern. The following Chapter will introduce a 
methodology to predict the future TMI values and climate zones of Victoria by using the 
projected climate change trend. 
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CHAPTER 4   THE USE OF CLIMATE CHANGE PROJECTIONS TO 
DELINEATE THE FUTURE TMI ISOPLETH MAP OF VICTORIA 
 
 
 
4.1 General 
 
Climate change can have direct and indirect impacts on infrastructures. Damages caused by 
climatic variations are widely reported worldwide, these include deterioration of paints, 
sealants and other protective surface finishes caused by temperature extremes; crack in walls, 
beams and columns due to foundation movement induced by seasonal moisture (suction) 
change; cracking sewerage and drainage pipes, broken power lines as a consequence of 
increasing frequency and intensity of precipitation events and vulnerable and unstable coastal 
properties due to sea level rise. It was estimated by DCCEE (2011), greater than $226 billion 
in commercial, industrial, road and rail, and residential assets are potentially exposed to 
inundation and erosion hazards at a sea level rise of 1.1 m. Therefore, it is essential to 
understand the contributing factors of climate change and sort out a way to measure and 
predict the future climate change so that to control and mitigate the effect of climatic 
variations on built infrastructure as minimal as possible. 
 
This Chapter first introduces the primary factors contributing to climate change and then 
discusses the past and the projected future climate change, with a focus on elements such as 
temperature, precipitation and sea level. Numerous emission scenarios and diverse climate 
models which were used to project the future climate are presented. A step-by-step method 
for predicting and quantifying climate condition (best estimate) in 2030 (A1B scenario), 2050 
(A1FI scenario) and 2070 (A1FI scenario) for Victoria by employing the climate indicator 
TMI is also presented. The predicted TMI results are then used for the delineation of isolines 
in Victoria map. A total of 6 TMI contour maps have been developed where 3 of them are 
based on the original Thornthwaite equation (Eq. 2-17) while another 3 are based on the 
simplified Thornthwaite equation (Eq. 2-19). Climate zones of Victoria are also presented to 
express the climate condition in 2030, 2050 and 2070. 
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4.2 Climate Change  
 
Climate change is considered as a change in the state of the climate that persists for an 
extended period, typically decades or centuries. According to UN (1992), climate change 
means “a change of climate which is attributed directly or indirectly to human activity that 
alters the composition of the global atmosphere and which is in addition to natural climate 
variability observed over comparable time periods”. Climate change presents a new kind of 
challenge since it is uncertain in its form and extent, rather than drawn in clear lines; it is 
insidious rather than directly confrontational and it is long term rather than immediate, in 
both its impacts and its remedies (Garnaut, 2011). 
 
There are many concerns that climate change occurring in the present is a result of human-
induced effects, which is attributable to greenhouse gas emissions (GHGs). Carbon dioxide 
CO2 is the most crucial anthropogenic GHGs, with the annual growth by about 80% between 
1970 and 2004. The fourth assessment report – ‘Climate Change 2007’, produced by the 
Intergovernmental Panel on Climate Change (IPCC, 2007), showed a marked increase of CO2 
concentration in the atmosphere from 280 ppm in 1750 to 380 ppm in 2005 with an 
accelerated increasing rate. 
 
There is a significant growth in global atmospheric concentration of CO2, methane (CH4) and 
nitrous oxide (N2O). For instance, CO2 concentration of 379ppm and CH4 concentration of 
1774 ppb in 2005 exceeded by far the natural range over the last 650,000 years. The increase 
of concentration of CH4 was most likely resulted from agriculture and foil fuel consumes 
whereas the rise in CO2 concentration was attributed to the utilization of foil fuel.  IPCC 
Special Report on Emissions Scenarios (IPCC SRES, 2000) projects an increase of global 
GHGs emissions by 25 to 90% (CO2-equivalent) between 2000 and 2030, with fossil fuels 
maintaining their dominant position in the global energy mix to 2030 and beyond. 
 
According to BRANZ (2007) and Hennessy et al. (2007), the primary resulting effects of 
climate change on built environment in Australia include: health effects from over-heating 
and increased energy consumption due to extreme temperatures; increased damage from 
more intense tropical cyclones and storms and stronger winds; increased cracking of arid 
soils and ground movement impacting on foundations and pipe work; damage from flooding 
and saltwater inundation and increased bushfire risk. 
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      4.2.1 Greenhouse Gas Emissions 
 
The highest global anthropogenic CO2 emission of 38.8 billion tonnes was presented in 2013, 
which is approximately 46% higher than in 1990. The amount of global CO2 emissions due to 
the utilization of fossil fuel are calculated to have increased in 2013 by 2.1% compared with 
the average of 3.1% per year from 2000 to 2012. 
 
 
 
Fig. 4-1 Source of Increased Atmospheric Carbon Dioxide Concentrations (CSIRO and BOM, 
2014) 
 
Most CO2 emissions from human activities are from fossil-fuel combustion and land-use 
change (Fig. 4-1). Global mean GHGs concentrations since 1975 are shown in Fig. 4-2. It can 
be seen that the annual average global atmospheric carbon dioxide concentrations reached 
395 parts per million (ppm) in 2013 and concentrations of the other major greenhouse gases 
are at their highest levels for at least 800 000 years (CSIRO and BOM, 2014). The global 
CO2 annual increase from 2012 to 2013 was 2.5 ppm, and it is noted that the growth of 5.1 
ppm since 2011 is the largest two-year increase on record. The concentration of all 
greenhouse gases in the atmosphere can be expressed as an ‘equivalent CO2’ atmospheric 
concentration, which reached 480 ppm in 2013. 
 
Australia contributes approximately 1.5% of the total global GHGs emissions, per capita 
emissions (i.e. from land use, land-use change and forestry) in 2008, at about 27.4 tonnes of 
carbon dioxide equivalent (CO2-e). This is the highest of all member countries of the 
Organization of Economic Co-operation and Development (OECD) and more than four times 
higher than the world average (DCCEE, 2010a). 
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Fig. 4-2 Global Mean Greenhouse Gas Concentrations since 1975 (CSIRO and BOM, 2014) 
 
National GHGs emissions in Australia have also continued to increase with a net increase of 
approximately 5% since 1990 (DCCEE, 2010b). This has mainly been contributed from land 
use, land use change and forestry sector which has indicated a rapid drop of 79.8% from 1990 
to 2008 as a consequence of reduced emissions from deforestation. If land use, land-use 
change and forestry (LULUCF) sector are not taken into account, there will be a 30% more 
net increase in emissions for Australia. It seems that stationary energy and transport are the 
two principle sectors contributing the most proportion of emissions, with respectively 50% 
and 14% in 2008. 
 
 
 
 
Fig. 4-3 Change in Australia’s CO2-e Emission from 1990 to 2008 (DCCEE, 2010b) 
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4.3 Climate Change in the Past 
 
      4.3.1 Temperature 
 
The best estimate of the temperature growth above pre-industrial levels that would be caused 
by increased concentrations of greenhouse gases in the atmosphere is 2.1 ºC at 450 ppm CO2-
equivalent, 2.9ºC at 550 ppm, 3.6ºC at 650 ppm, 4.3ºC at 750 ppm, and 5.5°C at 1000 ppm 
(Wang et al. 2012). Globally, the twelve warmest years since 1850 has presented between 
1995 and 2006. The observed trend of mean global temperature increase, according to IPCC 
report, was an increase from 0.045°C per decade in the past 150 years to 0.074°C per decade 
in the past 100 years, 0.128°C per decade in the past 50 years, and 0.177°C per decade in the 
past 25 years. Global mean temperature has risen by 0.85°C from 1880 to 2012. 
 
Mean surface air temperature in Australia has grown by 0.9°C since 1910 (Fig. 4-4), each 
decade since the 1940s has been warmer than the preceding decade with significant regional 
variations. Daytime maximum temperatures have increased by 0.8°C whilst night minimum 
temperatures have increased by 1.1°C. The frequency of extreme weather has also changed, 
with more extreme hot days and nights and fewer cool days and nights.  
 
 
 
 
Fig. 4-4 Annual Mean Temperature Changes across Australia since 1910 (BOM, 2014) 
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Fig. 4-5 Annual Mean Temperature Anomalies for Australia since 1910 Compared with  
1961–1990 Average (BOM, 2008) 
 
 
 
 
Fig. 4-6 The Annual Average Number of Hot Days Above 35ºC, Cold Days Below 15ºC, Hot 
Nights Above 20ºC and Cold Nights Below 5ºC in Australia. Dotted Line Indicate Linear Trends 
(CSIRO, 2007) 
 
The annual average number of hot days, cold days, hot nights and cold nights in Australia is 
shown in Fig. 4-6. It is observed that since 1957, the Australian average shows an increase in 
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hot days and hot nights, a decrease in cold days and cold nights. The increase in the number 
of hot days was overlaid on considerable inter-annual variability largely linked to the swings 
from wet to dry years (CSIRO, 2007). 
 
2013 was Australia’s hottest year on record, being 1.2°C above the 1961–1990 average of 
21.8°C and 0.17°C above the previous hottest year in 2005. Seven of the ten warmest years 
on record have occurred since 1998. September 2013 has been Australia’s hottest month on 
record. National averaged monthly mean temperatures was 2.75 °C above the 1961–1990 
average. Australian temperatures are expected to continue to increase, with more extremely 
hot days and fewer extremely cool days. 
 
      4.3.2 Precipitation 
 
Australian average annual rainfall has increased slightly since national records began in 1900, 
primarily due to increases in rainfall from October to April, and most notably across the 
northwest. Since 1970, there have been large rises in annual rainfall in the north-west and a 
17% decline in average rainfall in south-western Australia due to winter rainfall reduction. 
The south-eastern regions have experienced a 15% decline in late autumn and early winter 
rainfall since the mid-1990s, with a 25% reduction in average rainfall across April and May. 
According to CSIRO (2007), the rainfall decrease in southwestern Australia since the mid-
1970s is likely to be at least partly due to anthropogenic increases in greenhouse gases. 
 
Rainfall trends presented a marked contrast between the first half of the last century and the 
period since 1970. Rainfall trends from 1900 to 1969 were rather weak and spatially 
incoherent. In contrast, the rainfall trends across Australia since 1970 are both large and 
spatially coherent (Fig. 4-8). North-western Australia has seen an increase in annual 
precipitation from 1970, exceeding 30 mm per decade across the north-west third of Australia 
and more than 50 mm per decade along north-western coast regions. In significant contrast, 
eastern and south-western Australia have become drier since 1970, where the largest aridity 
has occurred along the east coast with water deficit exceeding 50 mm. Annual change of 
precipitation trend is due primarily to variations in intensity of extreme events, which can be 
attributed to the natural variability and a small additional contribution from global warming 
(CSIRO and BOM, 2014).  
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Fig. 4-7 Annual Total Precipitation for Australia since 1900 (BOM, 2014) 
 
 
 
 
 
Fig. 4-8 Trend in Annual Total Precipitation across Australia since 1970 (mm/10yers)  
(BOM, 2014) 
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      4.3.3 Sea Level 
 
Global mean sea level has increased throughout the 20th century as a result of thermal 
expansion of the oceans (expansion through warming) and the loss of mass from glaciers and 
ice sheets. The average growth rate between 1950 and 2000 was 1.8 ± 0.3 mm per year, and 
the annual rate exceeds 3 mm since 1993 when satellite data was available.  
 
 
 
Fig. 4-9 Trend in Global Mean Sea Level since 1880 (CSIRO and BOM, 2014) 
 
According to high-quality global sea level measurement data provided by CSIRO and BoM 
(2014), it can be seen that global sea levels have risen by about 17 cm during the 20th century, 
at a global-averaged rate about 1.7mm per year (Fig. 4-9). Fig. 4-9 also shows the global 
mean sea level trend for the recent 20 year period with an observable growth rate of 3.2 mm 
per year. Over the period 1880 to 2012, global mean sea level has risen by 225 mm. 
 
Rates of sea level rise varies around the Australian region. It is observed that the rates of sea-
level rise in the north are higher while in the south and east, the rates are similar to the global 
average. Over the period 1920 to 2000 the estimated average relative sea level rise around 
Australia was 1.2 mm per year. 
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      4.3.3.1 Consequences of Sea Level Rises 
 
Sea level rise is considered as one of the most important climate change impacts globally. 
There is approximately 85% Australian population residing within 50 km of the Australian 
coastline (DCC, 2009), which is subjected to risks of sea level rise, storm surge and cyclonic 
activity. Fig. 4-10 shows the estimated frequency of extreme sea level events occurred and 
identifies all major cities potentially affected. As demonstrated by Antarctic Climate and 
Ecosystems Cooperative Research Centre (ACECRC, 2008), in the case of a 0.5m sea level 
rise, events which occur once every few years are very likely to occur once every few days by 
2100. 
 
 
 
 
Fig. 4-10 Estimated Increases in the Frequency of Extreme Sea Level Events under a Sea Level 
Rise of 0.5m by 2011 (ACECRC, 2008) 
 
Inundation analysis suggested that 27,600 to 44,600 residential buildings in Victoria may be 
at risk of flood from a sea level rise of 1.1 meter, accompanied with 1-in-100 year storm tide. 
Based on the analysis, Victoria has the third highest number of residential dwellings at risk of 
inundation in Australia. It is estimated the current replacement value of the residential 
dwellings at risk is between $6.5 billion and $10.3 billion (DCCEE, 2009).  
Melbourne 
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Fig. 4-11 Estimated Number of Existing Residential Buildings in Victoria at Risk of Inundation 
from a Sea-Level Rise of 1.1 Meters and 1-in-100 Year Storm Tide (DCC, 2009) 
 
The potential number of existing residential buildings in Victoria at risk of inundation from a 
sea-level rise of 1.1 meters and 1-in-100 year storm tide is illustrated in Fig. 4-11. It is seen 
local government areas which subjected to the highest level of risk are Kingston, Hobsons 
Bay, Greater Geelong, Wellington and Port Phillip, representing close to 70 per cent of 
residential buildings at risk in Victoria. It is interesting to be noted that with the exception of 
Wellington, all four local government areas are located on Port Phillip Bay. 
 
 
4.4 Emission Scenarios and Climate Models 
 
Special Report on Emissions Scenarios (SRES) scenarios are illustrated in Fig. 4-12. It is 
seen that four qualitative storylines yield four sets of scenarios called ‘families’. The set of 
scenarios consists of six scenario groups drawn from the four families: one group each in A2, 
B1, B2, and three groups within the A1 family, characterizing alternative developments of 
energy technologies: A1FI (fossil fuel intensive), A1B (balanced), and A1T (predominantly 
non-fossil fuel). A total of 40 SRES scenarios have been developed by six modeling teams. 
A1FI may be considered as the extreme high GHGs emission scenario, A1B is the medium, 
and A1T is the low emission scenario. 
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A1FI considers a carbon emission scenario, which assumes very rapid economic growth, a 
global population that peaks in midcentury and declines thereafter, and the rapid introduction 
of new and more efficient technologies, substantial reduction in regional differences in per 
capita income, intensive fossil energy consumption; A1B has similar assumptions as A1FI 
except balanced fossil and non-fossil energy consumption; A1T assumes emphasis on non-
fossil energy consumption (IPCC, 2007). 
 
 
 
Fig. 4-12 Schematic Illustration of SRES Scenarios (IPCC SRES, 2000) 
 
 
 
Fig. 4-13 Projections of CO2 Concentration to 2100 under A1B Emission Scenario  
(Wigley et al. 1996) 
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Fig. 4-14 Projections of CO2 Concentration to 2100 under A1FI Emission Scenario  
(Wigley et al. 1996) 
 
The global CO2 concentration from 1990 to 2100 under A1B and A1FI emission scenario can 
be obtained from the Model for the Assessment of Greenhouse-gas Induced Climate Change 
(MAGICC), which was developed by Wigley et al. in 1996 (Fig. 4-13 and 4-14). The lower 
and upper bounds of the global CO2 concentration were also showed. 
 
To project spatially dependent climate in the future under different emission scenarios, 
various climate models or Atmosphere-Ocean General Circulation Models (AOGCMs) have 
been developed based on physical principles at the continental scale. The IPCC suggested 
that due to the varying sets of strengths and weaknesses of diverse AOGCMs, no single 
model can be considered as the best. Details of the climate models are referring to IPCC 
report. 
 
Climate models are the best tool which was widely employed for forecasting weather and 
climate. The climate model is a mathematical representation of the Earth’s climate system. 
The mathematical equations are based on well-established laws of physics, such as 
conservation of mass, energy and momentum. The realism of climate models has been tested 
against a large quantity of observational data from the natural world (e.g., representation of 
spatial and temporal distribution of temperature, humidity, rainfall, pressure and winds), 
which provides a major source of confidence in the use of models for climate projection. 
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The availability of a new set of systematic model experiments from the Coupled Model Inter-
comparison Project 3 (CMIP3) database represents a major advance both for the evaluation of 
models and the generation of climate projections. There are a total of 23 models in the 
database, some models have single simulations for the 20th and 21st centuries, while others 
have multiple simulations. For models with multiple simulations, ensemble-mean changes in 
climate were considered.  
 
Table 4-1 Global Climate Models Used for Simulations of 20th and 21st Century Climate 
(CSIRO, 2007) 
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Each of the 23 models was given a skill score based on its ability to simulate the average 
patterns of Australian temperature, rainfall and mean sea level pressure. These skill scores 
were used to weight regional climate projections based on the assumption that, it is likely to 
obtain more reliable future climate projections with higher skill scores. All 23 global climate 
models are summarized in Table 4-1. 
 
 
4.5 Future Climate Change Projections 
 
Climate change is projected to transform the frequency, intensity and/or geographical 
distribution of various extreme weather events, including more frequent and intense droughts, 
extreme rainfall events, cyclonic activity, floods and bushfires. Detailed future projections for 
temperature, precipitation and sea level rise, associated with its corresponding consequences 
are introduced in following sections. 
 
      4.5.1 Temperature 
 
According to CSIRO (2007), annual average temperatures in Australian are projected to 
continue to increase, in parallel with the rises in global average temperature. Global warming 
projections for a particular year between 1990 and 2100, under A1B and A1FI emission 
scenario, can be made based on MAGICC, as shown in Fig. 4-15 and 4-16. 
 
 
 
Fig. 4-15 Projections of Global Warming to 2100 under A1B Emission Scenario  
(Wigley et al. 1996) 
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Fig. 4-16 Projections of Global Warming to 2100 under A1FI Emission Scenario  
(Wigley et al. 1996) 
 
 
 
 
Fig. 4-17 Best Estimate of the Change in Average Temperature (ºC) over Land by 2030 for the 
A1B Emission Scenario for Summer, Autumn, Winter, Spring and Annual (CSIRO, 2007) 
 
The best estimate of global mean warming for 2030 does not vary much among emission 
scenarios, but the marked variations among the results of climate models due to near-term 
changes in climate, which are strongly affected by greenhouse gases that have already been 
emitted. Therefore, mid-range emission scenario (A1B scenario) is used which projected an 
increase of 0.9°C by 2030, with warmings of approximately 0.7-0.9ºC in coastal areas and 1-
1.2ºC inland, relative to climate of 1990. As can be seen from Fig. 4-17, significant regional 
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variation of temperature growth is projected across Australia. In general, the north-west part 
is expected to warm more quickly than the rest of the country. Mean warming in winter is 
rather weak compared to other seasons, as low as 0.5ºC in the far south. Probability 
distribution has been employed to present the uncertainties caused by the differences among 
results of climate models. It gives the best estimate based on 50th percentile; the range of 
uncertainties is calculated as the discrepancy between 10th percentile and 90th percentile. By 
2030, the range of uncertainty generated an increase between 0.6ºC and 1.5ºC in every season 
for most Australian states and the projection was conducted under the A1B emission scenario. 
 
The magnitude of climate change in 2050 and 2070 is strongly influenced by emission 
scenarios rather than climate models and thus projections in 2070 are made based upon low 
emission scenario (B1 scenario) and high emission scenario (A1FI scenario). Warming by 
2050, relative to 1990, is projected to be 0.8 to1.8 ºC for B1 scenario with the best estimate of 
1.2 ºC whereas for the A1Fl scenario, it is 1.5 to 2.8 ºC with the best estimate of 2.2 ºC. By 
2070, the best estimate for annual warming across Australia ranges from about 1.8 ºC for B1 
scenario to 3.4 ºC for A1FI scenario (Fig. 4-18). Warming for other emission scenarios lies 
between these two values. It is important to be noted that under A1FI scenario there is 
approximately 30% chance in exceeding 4 ºC for inland areas while there is a marked risk of 
reaching 3 ºC warming in south coastal regions. Regional variation for both 2050 and 2070 
follows the pattern seen for 2030, with less temperature growth in the south and north-east 
and more growth inland. 
 
 
Fig. 4-18 Best Estimate of Projected Annual Temperature Change for 2050 and 2070 (CSIRO, 2007) 
CHAPTER 4  138 
 
Climate change projections show more than 20% drought-months over most Australian states 
by 2030, with up to a 40% growth by 2070 in eastern regions and 80% in south-western 
Australia (CSIRO and BOM, 2007). Temperature extremes and large variations are likely to 
cause damage to built-infrastructure, including the thermal movement of roofing, cladding, 
window systems, and other building parts, which leads to cracking and deterioration of paints, 
sealants and other protective surface finishes. Furthermore, clay soils which are subjected to 
seasonal wetting and drying can strongly affect the performance of structures constructed on 
them. Transport infrastructure is placed under significant pressure from buckling railway 
tracks due to extreme heat and the security of Victoria’s power supply may be jeopardized. 
Human health impacts were also reported with an additional 374 heat-stress related deaths 
occurring (primarily within the age group 75 years and over) over what was expected based 
on previous year estimates (Victorian Government DHS, 2009). 
 
      4.5.2 Precipitation 
 
 
 
Fig. 4-19 Best Estimate of the Projected Change of Australian Precipitation by 2030 under A1B 
Emission Scenario for Summer, Autumn, Winter, Spring and Annual (CSIRO, 2007) 
 
Different from changes in temperature, variations in precipitation are not directly influenced 
by the growth of greenhouse gases. The change of temperature patterns means that the wind 
patterns will change the rain pattern. There are marked regional variations in precipitation 
change across Australia due to localized nature of influences on precipitation. Compared with 
the climate of 1990, average rainfall in southern Australia is projected to further decrease, 
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and heavy rainfall is projected to increase over most parts of Australia. By 2030, the best 
estimate of annual precipitation indicate little variation in far north of the nation while a 
decrease of 2% to 5% is observed elsewhere. Changes of precipitation pattern are also 
experiencing inter-seasonal variation. As shown in Fig. 4-19, winter and spring changes are 
decreasing by 5% and 10% decrease is reached in south-west regions. Precipitation decrease 
is relatively smaller in summer and autumn and it is noticed that there is slight increase in 
east of the nation. 
 
 
 
Fig. 4-20 Best Estimate of Annual Precipitation Change for 2050 and 2070 (CSIRO, 2007) 
 
For the second half of the 21st century, the projected precipitations are larger and more 
susceptible to emission scenario. Fig. 4-20 shows the best estimate of projected annual 
precipitation change for 2050 and 2070 under different emission scenarios. Under B1 
scenario, annual precipitation change ranges from -15% to +7.5% in central, eastern and 
northern areas by 2050, with a best estimate of little change in far north and a decrease of up 
to 5% towards south direction. The variation in southern areas is from -15% to little change, 
with a best estimate of about -5%. In contrast, under A1FI scenario, annual precipitation 
varies from -20% to +10% in central, eastern and northern regions by 2070, accompanied 
with a best estimate of little change in far north and a decrease of around -7.5% elsewhere. 
The variation in southern regions is from -20% to little change, with a best estimate of about -
7.5%. Seasonal variation of precipitation in 2050 follows the pattern in 2030 and it is 
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projected that the precipitation decrease can be up to 30% in winter and spring in south-
western Australia.  
 
It is observed that precipitation change under B1 scenario in 2070 is quite similar to those 
under A1FI scenario in 2050, but for those under A1FI scenario in 2070, the precipitation 
change is most significant. Annual precipitation change ranges from -30% to +20% in central, 
eastern and northern areas, with a best estimate of little change in far north and a decrease 
around 10% in the south. The variation in southern areas is from -30% to +5, with a best 
estimate of about -10%. Projection shows that the decrease can be up to 40% in south-
western Australia.  
 
Changes to extreme precipitation events would have potential impact on infrastructure, 
communities and industry, resulting in strains on sewerage and drainage systems, greater 
insurance losses, possible black-outs, challenges for emergency services (Hennessy et al. 
2006 and 2007; CSIRO and BOM, 2007), and a jeopardizing of the water tightness and 
integrity of houses (BRANZ, 2007). 
 
      4.5.3 Sea Level 
 
Under A1B emissions scenario, the global mean sea level is projected to rise by 0.22 to 0.44 
m relative to 1990’s levels by the mid-2090s, an average of 4 mm per year. It is a cause for 
concern that recent observational data suggest that this projection may be an underestimate 
(Rahmstorf et al. 2007). Global sea level rise is projected by the IPCC to be 0.18 to 0.59m by 
2100, with a possible additional contribution from ice sheets of 10 to 20 cm. However, 
further ice sheet contributions which cannot be quantified at this time may increase the upper 
limit of sea level rise substantially.  
 
Sea level rise around the Australian coastline by 2100 is likely to be similar to the projected 
global rise of 0.28 to 0.61m for low emissions scenario and 0.52 to 0.98m for high emissions 
scenario, relative to 1986-2005. Higher sea levels by 2100 are likely if there is a collapse of 
sectors of the Antarctic ice sheet grounded below sea level. There is medium confidence that 
such an additional rise would not exceed several tenths of a meter by 2100. Under all 
scenarios, sea level will continue to rise after 2100, with high emissions leading to a sea-level 
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rise of 1m to more than 3m by 2300. Increases in mean sea level will increase the frequency 
of extreme sea level events. 
 
One of the major climate change effects is the increase in the rate of sea-level rise over the 
next centuries. Some coastal properties will become more vulnerable and unstable due to 
increased coastal erosion and sea level rise. Other properties will experience increased 
flooding from rivers and water run-off (IPCC, 2007). Greater than $226 billion in commercial, 
industrial, road and rail, and residential assets are potentially exposed to inundation and 
erosion hazards at a sea level rise of 1.1m (high emission scenario for 2100) (DCCEE, 2011). 
It is estimated that human induced warming and sea level rise would continue for centuries 
due to the time scales associated with climate processes and feedbacks, even if GHGs are to 
be stabilized (IPCC, 2007) 
 
      4.5.4 Extreme Weather Event 
 
The IPCC has suggested that, by 2030, extreme weather events are very likely to be exceeded 
more frequently; this was also one of the conclusions drawn in CSIRO report on climate 
change for Australia (CSIRO, 2007). The number of days per year with uncomfortable indoor 
temperatures is expected to continue to increase markedly for most parts of Australia. Table 
4-2 illustrates the average number of days per year above 35°C for 2030 under A1B emission 
scenario and for 2070 under A1FI and B1 emission scenario, in eight capital cities of 
Australia.  
 
Table 4-2 Projected Increases in Days over 35°C for All Australian Capital Cities for 2030 and 
2070 (CSIRO, 2007) 
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It is observed that the average number of summer days above 35°C in Melbourne is increase 
from 9 at present to 11-13 by 2030, which increase by about 20% to 40% (best estimate 33%) 
under A1B scenario. By 2070, there is a 30-90% growth under B1 scenario (best estimate 
56%) and a 70-190% rise under A1FI scenario (best estimate 122%). At present, there are 17 
days out of the year with uncomfortably hot weather (above 35°C) in Adelaide. By 2030 the 
number of extremely hot days could rise to about 23 (best estimate under A1B), and further 
increase to as much as 36 (best estimate under A1FI) by 2070. It is seen that the city with 
most significant increase of hot days is Darwin. If no mitigation measure is carrying out, 
there will be the best estimate of 44 days per year above 35°C in 2030 under A1B scenario, 
this increases to 227 days under A1FI scenario with the growth by approximately 1900% 
compared to current condition.  
 
 
4.6 TMI Predictions for Victoria in 2030, 2050 and 2070 
 
The primary meteorological parameters governing TMI are the precipitation and potential 
evapotranspiration which can be derived from local temperature data. Climate change 
projections proposed by CSIRO (2007) relative to the climate condition in 1990, are based on 
various emission scenarios and diverse global climate models. Thus by employing the 
projected seasonal precipitation decline and temperature increase, the future TMI in a specific 
year for a particular region can be predicted. This section introduces a method for predicting 
and quantifying the best estimate of climate condition in 2030 (A1B scenario), 2050 (A1FI 
scenario) and 2070 (A1FI scenario) for Victoria by the use of the climate indicator TMI. 
 
      4.6.1 Methodology 
 
Step 1: TMI calculation for 1990  
 
First of all, TMI values in 1990 were calculated using climate data from available weather 
stations listed in Table 4-3. Year-by-year method was applied on original Eq. 2-17 and the 
simplified equation Eq. 2-19. Weather parameters required in the calculation are monthly 
precipitation and mean monthly temperature data, which can be obtained from the BOM 
website. Detailed computational procedure can be found in Section 3.3. 
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Table 4-3 Weather Observation Stations Used in the Study 
1-Mildura 
8-Walpeup 
Research 
15-Horsham 22-Geelong 29-Swan Hill 36-Corryong 43-Warracknabeal 
2-Ouyen 
9-Moorabbin 
Airport 
16-Kyabram 23-Echuca 30-Edi Upper 37-Wonthaggi 44-Longerenong 
 3-Tatura 
10-Lakes 
Entrance 
17-Benalla 24-Laverton 31-Strathbogie 38-Mount Buller 45-Cranbourne 
4-Kerang 
11-Dartmouth 
Reservoir 
18-Orbost 25-Bendigo 32-Gabo Island 39-East Sale 46-Warrnambool 
5-Omeo 
12-Melbourne 
Airport 
19-Hamilton 26-Bundoora 33-Melbourne 40-Wangaratta 47-Maryborough 
6-Portland 
13-Wilsons 
Promontory 
20-Casterton 27-Scoresby 34-Lake Eildon 41-Castlemaine 48-Weeaproinah 
7-Nhill 14-Point Hicks 21-Ararat 28-Ballarat 35-Mangalore 42-Heywood 49-Cape Otway 
 
Step 2: Climate trend determination 
 
 
 
Fig. 4-21 Best Estimate of Summer Precipitation Trend Projections for Victoria in 2030 under 
A1B Emission Scenario 
 
The best estimate of seasonal trend of precipitation and temperature projection map for 
Victoria in 2030, 2050 and 2070, under A1B and A1FI emission scenario, can be accessed 
from ‘Climate Change In Australia’ website (CSIRO, BOM and DCCEE, 2014) and are 
presented in Appendix E of this thesis as well. A total of 49 weather stations in Victoria were 
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plotted on three projection maps (i.e. 2030, 2050 and 2070) based upon their coordinates (i.e. 
latitude and longitude). An example is shown in Fig. 4-21. The range of seasonal 
precipitation and temperature trend can be projected for each weather station based on the 
given color scale bar and an average value was adopted in the calculation. For instance, as 
shown in Fig. 4-21, Melbourne airport is located in the yellow zone and hence a reduction of 
-5% to -2% in summer precipitation is predicted for 2030. The average value of -3.5% is 
applied to summer months (i.e. from December to February) of 1990 to allow summer 
precipitation values in 2030 to be projected. By repeating this process, the trend of 
precipitation and temperature projection in 2030 (A1B scenario), 2050 (A1FI scenario) and 
2070 (A1FI scenario) for 49 weather stations in Victoria will be obtained, which are 
summarized in Table 4-4. 
 
Table 4-4 Projected Future Climate Trend for All Weather Stations in the Study 
Climatic 
Variables 
Season 
2030 
A1B1 
50p3 
Station  
2050 
A1FI2 
50p 
Station 
2070 
A1FI 
50p 
Station 
Temperature 
(°C) 
Spring 
+1.25 1 +2.25 1 +3.5 1,3,16,23,29,36,40 
+0.8 others +1.25 6,13,19,20,37,42,46 +2.25 6,13,19,20,37,42,46 
- - +1.75 others +2.75 others 
Summer 
+1.25 1,16,23,29,36,40 +2.25 1,3,16,23,29,36,40 +3.5 
1,2,3,4,5,8,11,16,17,23,25,28,
29,30,31,34,35,36,38,39,40, 
41,47 
+0.8 others +1.75 others +2.75 others 
Autumn 
+0.8 all +1.25 6,19,20,42 +3.5 1 
- - +1.75 others +2.25 6,13,19,20,37,42,46,48,49 
- - - - +2.75 others 
Winter 
+0.8 all +1.75 1 +2.75 1 
- - +1.25 others +2.25 others 
Precipitation 
(%) 
Spring 
-7.5% all -15% all -15% 
1,3,5,10,11,13,14,16,18,20,23,
29,32,36,37,39,40 
- - - - -30% others 
Summer 
0 
1,2,3,4,5,7,8,10,11,14,16,18,
23,25,28,29,30,31,32,34,35, 
36,38,39,40,41,43,47 
0 
1,2,3,4,5,8,11,16,23,29,
36,40 
0 1,3,14,16,23,29,32,36,40 
-3.5% others -7.5% 
6,13,19,20,22,37,42,46,
48,49 
-3.5% 
2,4,5,8,10,11,18,30,31,34,35, 
38 
- - -3.5% others -15% 6,19,20,42 
- - - - -7.5% others 
Autumn 
-3.5% 6,14,19,20,42,46 0 1,2,8,29 -7.5% 
5,6,11,15,19,20,22,42,44,46, 
48,49 
0 others -3.5% others -3.5% others 
Winter 
-7.5% 1,2,8,29 -15% 1,2,8 -15% 1,2,8 
-3.5% others -7.5% others -7.5% others 
Note:   1. Middle emissions scenario, 
            2.  High emissions scenario, 
            3.  Best estimate: 50 percentile is the mid-point of spread of model results. 
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Step 3: TMI calculation for 2030, 2050 and 2070 
 
The projected seasonal precipitation and temperature trend for all 49 weather stations in 
Victoria can be applied to weather condition in 1990 to allow these parameters in 2030, 2050 
and 2070 to be projected. The projected precipitation and mean average temperature data are 
then used to predict TMI in 2020, 2050 and 2070. A worked example showing how to predict 
TMI value for Mildura Airport in 2030 is presented below.  
 
Table 4-5 Climatic Data Projection for Mildura Airport in 2030 
  Variables 
 
 Month 
1990 Projected trend 2030 
Mean Avg. Temp. 
(°C) 
Precipitation 
(cm) 
Temperature 
(°C) 
Precipitation 
(%) 
Mean Avg. Temp. 
(°C) 
Precipitation 
(cm) 
Jan 24.80 0.90 +1.25 0 26.05 0.90 
Feb 22.80 0.90 +1.25 0 24.05 0.90 
Mar 22.65 0.70 +0.8 0 23.45 0.70 
Apr 17.45 3.22 +0.8 0 18.25 3.22 
May 13.20 6.36 +0.8 0 14 6.36 
Jun 10.30 2.68 +0.8 -7.5 11.1 2.48 
Jul 10.65 4.58 +0.8 -7.5 11.45 4.24 
Aug 10.15 2.94 +0.8 -7.5 10.95 2.72 
Sep 13.75 1.16 +1.25 -7.5 15 1.07 
Oct 17.50 0.24 +1.25 -7.5 18.75 0.22 
Nov 21.70 0.34 +1.25 -7.5 22.95 0.31 
Dec 23.70 0.44 +1.25 0 24.95 0.44 
 
Table 4-6 TMI Determination for Mildura Airport in 2030 Based on Eq. 2-19 
Station Name:   Mildura Airport  Station No. :   076031 Latitude : 34.24 Year :  2030 
Month 
No. of days 
in month 
(Ni) 
Day length 
Corr. 
factor (Di) 
Precipitation 
(cm) 
Mean Avg. 
Temp. 
(℃) 
Heat Index a 
Unadjusted 
PET(cm) 
Adjusted 
PET(cm) 
TMI 
Jan 31 1.2254 0.90 26.05 12.17 
1.96 
13.02 16.49 
-76 
Feb 28 1.0385 0.90 24.05 10.78 11.14 10.79 
Mar 31 1.0600 0.70 23.45 10.38 10.60 11.61 
Apr 30 0.9415 3.22 18.25 7.10 6.48 6.10 
May 31 0.8946 6.36 14 4.75 3.85 3.56 
Jun 30 0.8246 2.48 11.1 3.34 2.44 2.02 
Jul 31 0.8746 4.24 11.45 3.51 2.60 2.35 
Aug 31 0.9430 2.72 10.95 3.28 2.38 2.32 
Sep 30 1.0000 1.07 15 5.28 4.41 4.41 
Oct 31 1.1285 0.22 18.75 7.40 6.83 7.97 
Nov 30 1.1654 0.31 22.95 10.05 10.16 11.84 
Dec 31 1.2439 0.44 24.95 11.40 11.97 15.38 
Sums   23.56  89.43   94.84  
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The precipitation and mean average temperature data for Mildura Airport in 2030 was 
obtained using the projected trend, relative to climate conditions in 1990, as shown in Table 
4-5. The computed climatic parameters were then used to derive TMI for 2030 by following 
the procedure introduced in Section 3.3. As presented in Table 4-6, TMI of -76 is obtained for 
Mildura Airport in 2030, decreased 4% compared with TMI of -73 in 1990. 
 
The best estimate of TMI values in 2030, 2050 and 2070 for 49 weather stations of Victoria, 
under a given emission scenario, are obtained by following TMI prediction steps introduced 
above. The results are summarised in Table C1 of Appendix C. 
 
 
4.7 The Development of the Predicted TMI Isopleth Map of Victoria  
 
The predicted TMI results of 49 weather observation stations were used for the delineation of 
isolines in Victoria map for 2030, 2050 and 2070. A total of 6 TMI contour maps were 
developed where 3 of them were based on the original Thornthwaite equation (Eq. 2-17) 
while another 3 are based on the simplified Thornthwaite equation (Eq. 2-19). Future climate 
zoning of Victoria can be established based on these TMI contour maps. 
 
      4.7.1 The Delineation of TMI Isopleth Map of Victoria Based on the Original Eq. 2-17 
 
      4.7.1.1 The Delineation of TMI Isopleth Map of Victoria in 2030 
 
TMI based contour map of Victoria in 2030 is shown in Fig. 4-22. It can be seen that Victoria 
can be classified into 6 climate zones based upon climate classification system outlined in 
AS2870-2011. Fundamentally speaking, soils in Victoria will gradually become to humid 
state from north to south region where the driest zone (e.g., zone 6) will be in north-west of 
the state while the wettest zone (i.e. zone 1) is distributed along the southern and eastern 
coastal areas. The highest negative TMI value presented in north part are due primarily to the 
prolonged and high frequency drought whereas large positive TMI values occurred in 
southern regions are resulted from the humid coastal climate. Central Victoria is 
predominated by climate zone 4 with TMI value varying from -25 to -15. It seems that East 
Sale and Lakes Entrance area tend to have more arid soil than its surrounding regions since 
they are in climate zone 3 compared to zone 2 for its neighbouring areas. It can be seen from 
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Fig. 4-22, Melbourne Metropolitan area has 2 climate zones (i.e. zone 3 and zone 4). Soils in 
south-western parts such as Laverton and Avalon will experience relatively drier climate than 
those in south and south-east part. The drier climate indicates the incidence of moisture 
variation induced foundation movement is higher in Melbourne south-western suburbs than 
elsewhere. 
 
 
 
Fig. 4-22 Predicted TMI Contour Map for Victoria in 2030 Delineated Based on Eq. 2-17  
(Refer Fig. E14 in Appendix E for Detailed View) 
 
Compared to TMI isopleth map for recent 20 years, north-western Victoria is predicted to 
suffer an increase of intense aridity in 2030 since there is a significant growth of climate zone 
6, which leads to a marked reduction of zone 5. Soil in climate zone 1 along southern coastal 
regions, however, is expected to experience more humid climate, with a notable expansion 
towards to its western direction. The wetting will also influence East Sale areas at south-east 
of the state, with the mean TMI value of -19 in recent 20 years compared to -13 in 2030.  
 
      4.7.1.2 The Delineation of TMI Isopleth Map of Victoria in 2050 
 
Based on climate zoning shown in Fig. 4-23, it can be seen that in 2050, climate zone 5 and 
zone 6 will extend further toward to southern and eastern Victoria compared to climate 
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conditions in 2030. There is a slight expansion of climate zone 1 along southern coastal 
regions which leads to a reduction of climate zone 2. It is notable that the climate condition in 
East Sale remain unchanged, however there is a marked drying for its neighbouring regions 
along the coast and as a result, these regions are re-classified as climate zone 4. Melbourne 
Metropolitan area will be affected by the significant growth of aridity. For example, a 
decrease of 4 TMI units in Melbourne CBD presenting a more intense drought. Nonetheless, 
Laverton and Avalon Airport located in Melbourne western regions are subjected to the 
severity of desiccation of the soil profile, its prevailing climate superseded by zone 5 implies 
the greater depth of design soil suction change and the rising incidence of excessive ground 
surface movement. 
 
 
 
Fig. 4-23 Predicted TMI Contour Map for Victoria in 2050 Delineated Based on Eq. 2-17  
(Refer Fig. E15 in Appendix E for Detailed View) 
 
      4.7.1.3 The Delineation of TMI Isopleth Map of Victoria in 2070 
 
The most noticeable climate change seems to occur in 2070 since TMI variations is the 
largest compared to TMI contour maps for 2030 and 2050. This extremely arid climate 
accelerates desiccation of soils. As can be seen in Fig. 4-24, the most arid soil in the state is 
distributed in far north-west region and its prevailing climate zone 6 has extended to further 
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east. The aridity in zone 5 will grow towards to its southern direction and as a result, the 
central Victoria which previously predominated by climate zone 4 has superseded by zone 5. 
A small reduction of zone 1 along south western coastal areas can be attributed to the growth 
of drying. Soil in east part of the state is expected to experience an increase of desiccation 
and thus this region is re-classified as climate zone 2.  
 
The severe desiccation is also spread to Melbourne Metropolitan area which are 
predominated by climate zones 4 and zone 5. It is notable that soils in south-western regions 
such as Avalon Airport and Laverton, is expected to experience the greater drought than 
those in the north and north-east. This implies the incidence of soil moisture variation 
induced ground movement is higher in south-western suburbs than elsewhere. The most 
noticeable decrease in TMI values across various location of Victoria represent a marked 
increase in aridity and hence a significant reduction in average soil moisture availability, 
which could potentially result in an increase in the severity of cracking of residential footings. 
 
 
 
 
Fig. 4-24 Predicted TMI Contour Map for Victoria in 2070 Delineated Based on Eq. 2-17 
(Refer Fig. E16 in Appendix E for Detailed View) 
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      4.7.2 The Delineation of TMI Isopleth Map of Victoria Based on the Simplified Eq. 2-
19 
 
      4.7.2.1 The Delineation of TMI Isopleth Map of Victoria in 2030 
 
Fig. 4-25 shows the TMI contour map and climate zones of Victoria in 2030 obtained using 
the simplified TMI method. According to climate classification system recommended by 
AS2870-2011, Victoria has been classified into 6 climate zones. It is interesting to note that 
this map is quite similar to the TMI map for 2070 (Fig. 4-24), which was developed using the 
original TMI method (i.e. Eq. 2-17), except Melbourne Metropolitan area.  
 
 
 
Fig. 4-25 Predicted TMI Contour Map for Victoria in 2030 Delineated Based on Eq. 2-19 
(Refer Fig. E17 in Appendix E for Detailed View) 
 
As can be seen from Fig. 4-25, the most arid zone (i.e. zone 6) is distributed in north-west of 
the state whilst the wettest zone (i.e. zone 1) is located along the south and east coastal areas 
as well as the north-east regions. The highest negative TMI value presented in the north-west 
is a result of long period and high frequency aridity whereas large positive TMI values 
occurred in southern regions are attributable to the humid coastal climate. Central Victoria is 
predominated by zone 5 and zone 6 with its corresponding TMI values varying from -40 (or 
smaller) to -25. It seems that soil in East Sale region tend to be more arid than its surrounding 
areas since it is in climate zone 4 compared to zone 3 for its neighbouring regions. Melbourne 
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Metropolitan area has a few different climate zones (from zone 3 to zone 6). Soils in south-
west parts such as Laverton and its surrounding regions, are predicted to experience a 
relatively drier climate than those in north and north-east part. Such drying climate implies 
that the potential ground movement is higher in Melbourne south-western suburbs than 
elsewhere. 
 
      4.7.2.2 The Delineation of TMI Isopleth Map of Victoria in 2050 
 
 
 
Fig. 4-26 Predicted TMI Contour Map for Victoria in 2050 Delineated Based on Eq. 2-19 
(Refer Fig. E18 in Appendix E for Detailed View) 
 
According to climate condition illustrated in Fig. 4-26, the climate zone distribution across 
Victoria in 2050 is quite similar to the climate condition in 2030 (Fig. 4-25), expect slight 
difference at south, east and north-east part. Climate zone 1 at south-western Victoria is 
grown further to its western direction due to the expansion of wetting. It is clearly observed 
that the north-east part of Victoria will experience an increase of drying which lead to a 
marked shrinkage of climate zone 1. Such drying is also affecting climate zone 1 at east 
region and as a result, its most portion is superseded by climate zone 2. The TMI value of -23 
for East Sale in 2030 reduces to -30, indicating a drying climate in 2050 and thus this area is 
reclassified as zone 5. The severe aridity in zone 6 at south of the state is extended further 
towards to north and west, which has potential effects on the climate of Melbourne 
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Metropolitan area. As a consequence, Avalon which was previously predominated by climate 
zone 5 is superseded by zone 6. The general decrease of TMI values across various location 
of Victoria indicates that Victoria will become a more arid state in 2070 which implies that a 
stronger and stiffer residential slab is needed to copy with the excessive ground surface 
movement induced by the greater depth of soil suction change. 
 
      4.7.2.3 The Delineation of TMI Isopleth Map of Victoria in 2070 
 
The biggest TMI variation in Victoria is predicted to occur in 2070 due to significant change 
of climate. As shown in Fig. 4-27, more than half of the area in Victoria is predominated by 
climate zone 6, originate from far north-west to mid-south of the state. As a consequence, 
central Victoria which predominated by climate zone 5 in 2050 is superseded by zone 6. 
Slight reduction of zone 1 along south-west coastal areas is attributable to the growth of 
drying. The most marked change is occurring at south eastern and eastern Victoria. To 
illustrate, there is a significant expansion of zone 3 at east region, which leads to a noticeable 
shrinkage of zone 2. Soils are expected to suffer an increase of severity of desiccation at 
south-east part and thus climate zone 3 in 2050 is replaced by zone 4 in 2070. The drying also 
influences north-east inland regions, resulting in shrinkage of climate zone 1, the lost portions 
are superseded by zone 2. 
 
 
 
Fig. 4-27 Predicted TMI Contour Map for Victoria in 2070 Delineated Based on Eq. 2-19 
(Refer Fig. E19 in Appendix E for Detailed View) 
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The severe desiccation is also spread to Melbourne Metropolitan area which is predominated 
by climate zone 6. It is notable that soils in Melbourne CBD and western parts of the state are 
expected to experience the greater drought than those in north and south-east region. This 
implies the incidence of soil moisture change caused ground movement is higher in 
Melbourne city and western suburbs than elsewhere. The overall decrease in TMI value 
across various location of Victoria represent a marked increase in aridity and hence a 
significant reduction in average soil moisture availability, which could potentially result in an 
increase in the severity of cracking of residential footings. 
 
Compared Fig 4-27 with Fig. 4-24, it can be seen that climate change (expressed as TMI) 
predicted by the simplified Thornthwaite equation is much severe than that predicted based 
on the original Thornthwaite equation.  
 
 
4.8 Conclusion 
 
The impact of climate change on built infrastructures has been presented in this Chapter. 
Climate change occurring in the present is considered as a result of human-induced effects, 
which is attributable to greenhouse gas (GHGs) emissions. Several type of sectors contribute 
to GHGs emissions were introduced.  
 
The effect of climate change on temperature, precipitation and sea level in the past were 
reviewed. It was estimated that global mean temperature had risen by 0.85°C from 1880 to 
2012. Mean surface air temperature in Australia has grown by 0.9°C since 1910. From 1910 
to 1950 annual mean Australian temperatures had decreased gradually, which was attributed 
to the increasing rainfall and lower daytime temperatures in eastern regions of the nation. 
Temperature has continued to increase at the rate of 0.16ºC per decade since 1950 and it is 
very much likely due to anthropogenic increases in greenhouse gases. Daytime maximum 
temperatures have increased by 0.8°C whilst night minimum temperatures have increased by 
1.1°C. The frequency of extreme weather has also changed, with more extreme hot days and 
nights and fewer cool days and nights. There were significant discrepancies of the 
precipitation trend since 1900 and post-1970. From 1900 to 1969, the precipitation trend is 
rather weak and spatially incoherent. In contrast, the rainfall trends across Australia since 
1970 are both large and spatially coherent. Since 1970, there have been large rises in annual 
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rainfall in the north-west and a 17% decline in average rainfall in south-western Australia due 
to winter rainfall reduction, which is at least partly attributable to anthropogenic increases in 
greenhouse gases. Global sea levels have risen by about 17 cm during the 20th century, at a 
global-averaged rate about 1.7mm per year. Rates of sea level rise vary around the Australian 
region with the observed higher rate in the north. Over the period 1920 to 2000 the estimated 
average relative sea level rise around Australia was 1.2 mm per year. 
 
A total of 40 SRES scenarios which used to project the future climate were presented. Among 
those emission scenarios, A1FI may be considered as the extreme high GHGs emission 
scenario, A1B is the medium, and A1T is the low emission scenario. Under A1B and A1FI 
emission scenario, the global CO2 concentration for any year fall between 1990 and 2100 can 
be obtained from the Model for the Assessment of Greenhouse-gas Induced Climate Change 
(MAGICC). 23 climate models adopted in projecting the future climate were illustrated. 
Some models have single simulation for the 20th and 21st centuries, while others have 
multiple simulations which ensemble-mean changes in climate were considered. A skill score 
was assigned to each of the 23 models, which used to weight regional climate projections 
based on the assumption that, it is likely to obtain more reliable future climate projections 
with higher skill scores. 
 
Future projections for temperature, precipitation, sea level and extreme weather events, 
associated with its corresponding consequences were presented. The climate trend projections 
in 2030 does not vary much among emission scenarios, but the climate models due to near-
term changes in climate, which are strongly affected by greenhouse gases that have already 
been emitted. Therefore, mid-range emission scenario (A1B scenario) is used. Projections in 
2050 and 2070 are strongly influenced by emission scenarios rather than climate models and 
thus projections in 2070 are made based upon low emission scenario (B1 scenario) and high 
emission scenario (A1FI scenario). Temperature increases of 0.9°C is projected by 2030 with 
warmings of approximately 0.7-0.9ºC in coastal areas and 1-1.2ºC inland, relative to climate 
of 1990. Warming by 2050, relative to 1990, is projected to be 0.8 to1.8 ºC for B1 scenario 
with the best estimate of 1.2 ºC whereas for the A1Fl scenario, it is 1.5 to 2.8 ºC with the best 
estimate of 2.2 ºC. By 2070, the best estimate for annual warming across Australia ranges 
from about 1.8 ºC for B1 scenario to 3.4 ºC for A1FI scenario. There are marked regional 
variation in precipitation change across Australia due to localized nature of influences on 
precipitation. By 2030, the best estimate of annual precipitation indicates little variation in far 
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north of the nation while decreases of 2% to 5% are observed elsewhere. Changes of 
precipitation pattern are also experiencing inter-seasonal variation. For the second half of the 
21st century, the projected precipitations are larger and more susceptible to emission scenario. 
Global sea level rise is projected by the IPCC to be 0.18 to 0.59m by 2100, with a possible 
additional contribution from ice sheets of 10 to 20 cm. Under all scenarios, sea level will 
continue to rise after 2100, with high emissions leading to a sea level rise of 1m to more than 
3m by 2300. Extreme weather events are very likely to be exceeded more frequently in 2030 
and it is projected the number of days per year with uncomfortable indoor temperatures is 
expected to continue to increase markedly for most parts of Australia. 
 
Step-by-step methods in predicting and quantifying climate condition (best estimate) in 2030 
(A1B scenario), 2050 (A1FI scenario) and 2070 (A1FI scenario) for Victoria by using the 
climate indicator TMI were demonstrated. The derived TMI results were then used for the 
delineation of isolines in Victoria map. A total of 6 TMI contour maps were developed where 
3 of them were are based on the original Thornthwaite equation (Eq. 2-17) while another 3 
are based on the simplified Thornthwaite equation (Eq. 2-19). Climate zoning of Victoria was 
also presented to express the climate condition in 2030, 2050 and 2070. These maps show an 
overall significant growth of drying for Victoria, where the most noticeably increase of 
aridity is expect to occur in 2070. It is to be predicted that, Victoria will suffer an overall 
increase of aridity of its climate if these climate trends are persisted, with the mean TMI tends 
to be more negative, soil shrinkage and the subsequent desiccation is very likely to be more 
pervasive. This thus may lead to an increase in the incidence of foundation movement 
induced residential dwelling cracks or failure, and further modification of Australian standard 
AS2870 would be required to cater the future potential effects of climate change on 
residential footings. In order to compare and evaluate the impact of climate change on 
characteristic ground surface movement for densely populated cities in Australia, a case study 
has been carried out in this study which will be presented in the next Chapter. 
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CHAPTER 5   CASE STUDIES 
 
 
 
5.1 General 
 
Three case studies will be presented in this Chapter to facilitate further understanding on the 
use of different equations and methods in estimating TMI as well as to evaluate the impact of 
climate change on the residential footing design. The climate indicator TMI, based on the 
projected climate trend, is used to estimate the depth of seasonal design suction change (Hs) 
and predict the future characteristic ground movement (ys). 
 
As discussed in Chapters 3 and 4, TMI depends on the equation, method and study period 
adopted in the calculations. Inconsistent and inaccurate values will be obtained if 
inappropriate assumptions and compromises are made. Therefore, it is essential to understand 
the discrepancies among different TMI calculation equations and methods, as well as the 
importance of the number of years used for deriving TMI in the study. This Chapter has 
carried out a case study to examine and compare the commonly used TMI computation 
equations and methodologies in five different locations across Victoria  (i.e. Mildura, Cape 
Otway, Horsham, Wilsons Promontory and Orbost) over 60 years (in different year intervals, 
i.e. 1954-1963, 1954-1973, 1954-1983, 1954-1993, 1954-2003 and 1954-2013). This case 
study has not only illustrated how TMI is influenced by assumptions made in the computation 
but also demonstrated the impact of the number of years employed on the TMI result. 
 
Potential evapotranspiration (PET) is one of the essential term in TMI determination. There 
are approximately 50 methods available to estimate PET (Grismeret et al. 2002) and each 
PET method can be used to produce its corresponding TMI. A case study has been conducted 
to compare TMI results using different PET equations and models for the sites in various 
states of Australia (i.e. Melbourne (VIC), Maryland (NSW) and Walkley Heights (SA)) over 
the last 21 years (i.e. 1993-2013). 
 
It is difficult to estimate the patterns of future soil movement due to the inherently highly 
variable nature of Victorian climate, but it is likely that with the projected precipitation and 
temperature data from CSIRO (2007), the future TMI can be predicted to infer depth of 
seasonal design suction change (Hs) which allows the characteristic ground movement (ys) to 
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be estimated. A case study has performed to assess and compare the effect of climate change 
on potential ground surface movement in 1990, 2013, 2030 and 2070 for densely populated 
cities in Australia (i.e. Sydney, Melbourne, Brisbane, Adelaide and Perth). 
 
 
5.2 Case Study of TMI Equations Comparison and Calculation Methods Evaluation 
 
In order to examine and compare the most commonly used TMI computation equations (i.e. 
Eq. 2-17 to 2-19) and methodologies (i.e. year-by-year and average year), a case study was 
conducted in various locations across Victoria, which include Mildura, Cape Otway, 
Horsham, Wilsons Promontory and Orbost. Long term historical data sets were extracted 
from weather stations with full data recorded (both temperature and rainfall) over 60-year 
period (i.e. 1954 to 2013). Thornthwaite Evapotranspiration Equation (Eq. 2-9) was adopted 
for potential evapotranspiration computation. Both year-by-year and average year method 
were applied on TMI calculation Eq. 2-17 to 2-19. TMI was calculated for the 60-year period 
(in 10 to 60 year intervals, i.e. 1954-1963, 1954-1973, 1954-1983, 1954-1993, 1954-2003 
and 1954-2013) since 1954 to evaluate the impact of the number of years employed on the 
final TMI result for the study site. 
 
Following assumptions were made in order to carry out the TMI calculation: 
1. Calculation always commences in January, 
2. Maximum (Smax) water storage value of 12 cm was used (for Eq. 2-17 and 2-18 only), 
3. Different Initial (So) water storage values were employed when conduct water balance 
analysis (for Eq. 2-17 and 2-18 only). 
 
Table 5-1 TMI Variations for Mildura Computed under Different Assumptions, Equations and 
Methods  
Station 
   Methodology 
TMI---Mildura (076031) 
Equation used : TMI = Ih - 0.6 Ia (Eq. 2-17) Assumption  : Smax = 12cm 
Average Year 
Analysis 
              Year 
  Assumptions 
10yrs 20yrs 30yrs 40yrs 50yrs 60yrs 
So = 0cm -38.01 -39.36 -39.18 -38.78 -39.63 -39.75 
So = 3cm -35.90 -37.25 -37.07 -36.68 -37.52 -37.66 
So = 6 cm -33.78 -35.13 -34.97 -34.57 -35.42 -35.57 
So = 9cm -31.67 -33.02 -32.86 -32.46 -33.32 -33.48 
So = 12 cm -29.56 -30.91 -30.76 -30.35 -31.22 -31.39 
Year-by-Year   
Analysis 
 
So = 0cm -37.99 -39.38 -39.18 -38.79 -39.64 -39.70 
So = 3cm -37.78 -39.28 -39.11 -38.73 -39.60 -39.67 
So = 6 cm -37.57 -39.17 -39.04 -38.68 -39.55 -39.63 
CHAPTER 5  158 
 
So = 9cm -37.36 -39.06 -38.97 -38.63 -39.51 -39.60 
So = 12 cm -37.14 -38.96 -38.90 -38.57 -39.47 -39.56 
Equation used : TMI = Ih - Ia (Eq. 2-18) Assumption  : Smax = 12cm 
Average Year 
Analysis 
              Year 
  Assumptions  
10yrs 20yrs 30yrs 40yrs 50yrs 60yrs 
So = 0cm -63.35 -65.60 -65.30 -64.64 -66.04 -66.25 
So = 3cm -59.83 -62.08 -61.79 -61.13 -62.54 -62.76 
So = 6 cm -56.31 -58.56 -58.28 -57.61 -59.03 -59.28 
So = 9cm -52.78 -55.04 -54.77 -54.10 -55.53 -55.80 
So = 12 cm -49.26 -51.51 -51.26 -50.59 -52.03 -52.32 
Year-by-Year   
Analysis 
So = 0cm -63.32 -65.64 -65.30 -64.64 -66.06 -66.26 
So = 3cm -62.97 -65.46 -65.18 -64.55 -65.99 -66.20 
So = 6 cm -62.61 -65.28 -65.06 -64.47 -65.92 -66.14 
So = 9cm -62.26 -65.11 -64.95 -64.38 -65.85 -66.08 
So = 12 cm -61.91 -64.93 -64.83 -64.29 -65.78 -66.02 
Equation used : TMI = 100(
P
  PET
- 1) (Eq. 2-19) 
Average Year Analysis -63.35 -65.60 -65.30 -64.64 -66.04 -66.25 
Year-by-Year Analysis -63.36 -65.68 -65.34 -64.68 -66.10 -66.29 
 
Table 5-2 TMI Variations for Cape Otway Computed under Different Assumptions, Equations 
and Methods 
Station 
   Methodology 
TMI---Cape Otway (090015) 
Equation used : TMI = Ih - 0.6 Ia (Eq. 2-17) Assumption  : Smax = 12cm 
Average Year 
Analysis 
              Year 
  Assumptions 
10yrs 20yrs 30yrs 40yrs 50yrs 60yrs 
So = 0cm 26.35 28.46 29.20 28.18 26.98 24.43 
So = 3cm 28.92 31.02 31.74 30.72 29.53 26.99 
So = 6 cm 31.49 33.58 34.29 33.27 32.07 29.55 
So = 9cm 34.06 36.14 36.84 35.81 34.61 32.10 
So = 12 cm 36.62 39.26 39.97 39.05 37.84 35.35 
Year-by-Year   
Analysis 
So = 0cm 34.46 37.77 38.35 37.90 36.77 34.90 
So = 3cm 34.71 37.90 38.43 37.96 36.82 34.94 
So = 6 cm 34.97 38.03 38.52 38.03 36.87 34.98 
So = 9cm 35.23 38.16 38.61 38.09 36.92 35.02 
So = 12 cm 35.61 38.35 38.73 38.19 37.00 35.09 
Equation used : TMI = Ih - Ia (Eq. 2-18) Assumption  : Smax = 12cm 
Average Year 
Analysis 
              Year 
  Assumptions  
10yrs 20yrs 30yrs 40yrs 50yrs 60yrs 
So = 0cm 19.28 22.18 22.99 22.09 20.89 18.31 
So = 3cm 23.56 26.45 27.23 26.33 25.13 22.57 
So = 6 cm 27.84 30.72 31.48 30.57 29.37 26.83 
So = 9cm 32.12 34.99 35.73 34.81 33.60 31.09 
So = 12 cm 36.40 39.26 39.97 39.05 37.84 35.35 
Year-by-Year   
Analysis 
So = 0cm 30.10 34.16 34.86 34.61 33.56 31.47 
So = 3cm 30.53 34.37 35.00 34.72 33.64 31.54 
So = 6 cm 30.95 34.59 35.14 34.82 33.73 31.61 
So = 9cm 31.38 34.80 35.29 34.93 33.81 31.68 
So = 12 cm 31.81 35.02 35.43 35.04 33.90 31.75 
Equation used : TMI = 100(
P
  PET
- 1) (Eq. 2-19) 
Average Year Analysis 30.07 34.73 35.15 35.05 33.80 31.74 
Year-by-Year Analysis 29.99 34.66 35.08 34.99 33.72 31.63 
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Table 5-3 TMI Variations for Horsham Computed under Different Assumptions, Equations and 
Methods 
Station 
   Methodology 
TMI---Horsham (079023) 
Equation used : TMI = Ih - 0.6 Ia (Eq. 2-17) Assumption  : Smax = 12cm 
Average Year 
Analysis 
              Year 
  Assumptions 
10yrs 20yrs 30yrs 40yrs 50yrs 60yrs 
       
So = 0cm -25.34 -25.57 -24.91 -24.01 -24.53 -25.00 
So = 3cm -23.03 -23.26 -22.58 -21.66 -22.17 -22.64 
So = 6 cm -20.72 -20.95 -20.25 -19.31 -19.80 -20.28 
So = 9cm -18.41 -18.64 -17.91 -16.97 -17.44 -17.92 
So = 12 cm -16.09 -16.32 -15.58 -14.62 -15.07 -15.56 
Year-by-Year   
Analysis 
So = 0cm -23.67 -23.99 -23.19 -22.24 -22.83 -23.56 
So = 3cm -23.44 -23.88 -23.11 -22.18 -22.79 -23.52 
So = 6 cm -23.21 -23.76 -23.04 -22.12 -22.74 -23.48 
So = 9cm -22.98 -23.64 -22.96 -22.07 -22.69 -23.44 
So = 12 cm -22.75 -23.53 -22.88 -22.01 -22.65 -23.40 
Equation used : TMI = Ih - Ia (Eq. 2-18) Assumption  : Smax = 12cm 
Average Year 
Analysis 
              Year 
 Assumptions  
10yrs 20yrs 30yrs 40yrs 50yrs 60yrs 
So = 0cm -42.24 -42.62 -41.52 -40.02 -40.88 -41.67 
So = 3cm -38.38 -38.77 -37.63 -36.10 -36.94 -37.74 
So = 6 cm -34.53 -34.92 -33.74 -32.19 -33.00 -33.80 
So = 9cm -30.68 -31.06 -29.86 -28.28 -29.06 -29.87 
So = 12 cm -26.82 -27.21 -25.97 -24.37 -25.12 -25.93 
Year-by-Year   
Analysis 
So = 0cm -42.27 -42.65 -41.59 -40.21 -40.94 -41.74 
So = 3cm -41.89 -42.46 -41.46 -40.11 -40.87 -41.68 
So = 6 cm -41.50 -42.26 -41.33 -40.01 -40.79 -41.61 
So = 9cm -41.11 -42.07 -41.20 -39.92 -40.71 -41.55 
So = 12 cm -40.73 -41.88 -41.08 -39.82 -40.63 -41.49 
Equation used : TMI = 100(
P
  PET
- 1) (Eq. 2-19) 
Average Year Analysis -42.24 -42.62 -41.52 -40.02 -40.88 -41.67 
Year-by-Year Analysis -42.27 -43.67 -42.23 -40.54 -41.35 -42.10 
 
Table 5-4 TMI Variations for Wilsons Promontory Computed under Different Assumptions, 
Equations and Methods 
Station 
  Methodology 
TMI---Wilsons Promontory(085096) 
Equation used : TMI = Ih - 0.6 Ia (Eq. 2-17) Assumption  : Smax = 12cm 
Average Year 
Analysis 
              Year 
  Assumptions 
10yrs 20yrs 30yrs 40yrs 50yrs 60yrs 
So = 0cm 39.82 43.87 43.15 43.87 43.34 42.11 
So = 3cm 42.38 46.43 45.69 46.40 45.87  44.63 
So = 6 cm 44.94 48.98 48.23 48.94 48.40 47.14 
So = 9cm 47.50 51.53 50.77 51.47 50.92 49.65 
So = 12 cm 50.96 55.07 54.78 55.46 54.95 53.53 
Year-by-Year   
Analysis 
So = 0cm 49.58 54.13 53.89 54.91 54.40     53.07 
So = 3cm 49.84 54.26 53.98 54.97 54.46 53.12 
So = 6 cm 50.09 54.39 54.06 55.03 54.51 53.16 
So = 9cm 50.35 54.52 54.15 55.10 54.56 53.20 
So = 12 cm 50.60 54.64 54.23 55.16 54.61 53.24 
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Equation used : TMI = Ih - Ia (Eq. 2-18) Assumption  : Smax = 12cm 
Average Year 
Analysis 
              Year 
 Assumptions  
10yrs 20yrs 30yrs 40yrs 50yrs 60yrs 
So = 0cm 33.88 38.05 37.85 38.57 38.11 36.78 
So = 3cm 38.15 42.31 42.08 42.79 42.32 40.97 
So = 6 cm 42.42 46.56 46.32 47.01 46.53 45.16 
So = 9cm 46.69 50.82 50.55 51.24 50.74 49.34 
So = 12 cm 50.96 55.07 54.78 55.46 54.95 53.53 
Year-by-Year   
Analysis 
So = 0cm 46.52 51.15 50.94 52.05 51.62 50.03 
So = 3cm 46.95 51.37 51.08 52.16 51.70 50.10 
So = 6 cm 47.38 51.58 51.22 52.26 51.79 50.17 
So = 9cm 47.80 51.79 51.37 52.37 51.87 50.24 
So = 12 cm 48.32 52.01 51.51 52.48 51.96 50.31 
Equation used : TMI = 100(
P
  PET
- 1) (Eq. 2-19) 
Average Year Analysis 47.18 51.88 51.28 52.64 51.76 50.44 
Year-by-Year Analysis 47.18 51.77 51.18 52.50 51.67 50.32 
 
Table 5-5 TMI Variations for Orbost Computed under Different Assumptions, Equations and 
Methods 
Station 
 Methodology 
TMI---Orbost(084030) 
Equation used : TMI = Ih - 0.6 Ia (Eq. 2-17) Assumption  : Smax = 12cm 
Average Year  
Analysis 
              Year 
  Assumptions 
10yrs 20yrs 30yrs 40yrs 50yrs 60yrs 
So = 0cm 14.12 8.34 10.64 10.60 8.79 7.17 
So = 3cm 16.57 10.78 13.06 13.02 11.21 9.58 
So = 6 cm 19.02 13.22 15.47 15.44 13.63 11.99 
So = 9cm 21.47 15.66 17.89 17.86 16.05 14.41 
So = 12 cm 23.91 18.74 21.39 21.25 19.62 17.77 
Year-by-Year   
Analysis 
 
So = 0cm       25.59 20.76 23.48 23.38 21.60     19.50 
So = 3cm 25.84  20.89 23.56 23.44 21.65 19.54 
So = 6 cm 26.12 21.03 23.66 23.51 21.70 19.59 
So = 9cm 26.53 21.23 23.79 23.62 21.79 19.66 
So = 12 cm 26.93 21.44 23.93 23.72 21.87 19.72 
Equation used : TMI = Ih - Ia (Eq. 2-18) Assumption  : Smax = 12cm 
Average Year  
Analysis 
              Year 
Assumptions  
10yrs 20yrs 30yrs 40yrs 50yrs 60yrs 
So = 0cm 7.43 2.49 5.29 5.12 3.47 1.68 
So = 3cm 11.51 6.55 9.32 9.15 7.51 5.70 
So = 6 cm 15.58 10.62 13.34 13.18 11.55 9.73 
So = 9cm 19.66 14.68 17.37 17.22 15.58 13.75 
So = 12 cm 23.74 18.74 21.39 21.25 19.62 17.77 
Year-by-Year   
Analysis 
 
So = 0cm 21.65 16.46 19.06 19.12 17.66 15.39 
So = 3cm 22.06 16.66 19.19 19.22 17.74 15.45 
So = 6 cm 22.47 16.86 19.33 19.32 17.82 15.52 
So = 9cm 22.88 17.07 19.47 19.43 17.90 15.59 
So = 12 cm 23.29 17.27 19.60 19.53 17.98 15.66 
Equation used : TMI = 100(
P
  PET
- 1) (Eq. 2-19) 
Average Year Analysis 22.75 17.58 19.60 19.90 17.98 15.89 
Year-by-Year Analysis 22.47 17.38 19.41 19.69 17.82 15.74 
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Fig. 5-1 TMI Results for Mildura Calculated in Different Time Intervals, Equations and Methods 
 
 
 
Fig. 5-2 TMI Results for Cape Otway Calculated in Different Time Intervals, Equations and 
Methods 
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Legend: 
      1. AYAM - Average year analysis method  
      2. YBYAM - Year-by-year analysis method 
Note: 
      1. Average year method and year-by-year method  
          are applied on both Eq. 2-18 and Eq. 2-19 
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Legend: 
      1. AYAM - Average year analysis method  
      2. YBYAM - Year-by-year analysis method 
 
Note: 
      1. Average year method and year-by-year method  
          are applied on both Eq. 2-18 and Eq. 2-19 
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Fig. 5-3 TMI Results for Horsham Calculated in Different Time Intervals, Equations and 
Methods 
 
 
 
Fig. 5-4 TMI Results for Wilsons Promontory Calculated in Different Time Intervals, Equations 
and Methods 
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Legend: 
      1. AYAM - Average year analysis method  
      2. YBYAM - Year-by-year analysis method 
 
 
Note: 
      1. Average year method and year-by-year method  
          are applied on both Eq. 2-18 and Eq. 2-19 
 
 
Horsham 
Years 
T
M
I 
Legend: 
      1. AYAM - Average year analysis method  
      2. YBYAM - Year-by-year analysis method 
 
 
 
Note: 
      1. Average year method and year-by-year method  
          are applied on both Eq. 2-18 and Eq. 2-19 
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Fig. 5-5 TMI Results for Orbost Calculated in Different Time Intervals, Equations and Methods 
 
Table 5-1 to 5-5 summaries the results obtained from three TMI calculation equations and 
two methods using an assumed maximum water storage (Smax) of 12 cm and five different 
values for the initial water storage (So ). TMI results produced by Eq. 2-18 generally present a 
drier climatic condition than that computed by using Eq. 2-17; this is because Eq. 2-18 
neglects the aridity index coefficient of 0.6. It seems that Eq. 2-18, a revised version of Eq. 2-
17, provides a better TMI value than Eq. 2-17 although Eq. 2-17 were used by many 
researchers. 
 
TMI results for all five study sites calculated in different time intervals (i.e. 1954-1963 (10 
years), 1954-1973 (20 years), 1954-1983 (30 years), 1954-1993 (40 years), 1954-2003 (50 
years) and 1954-2013 (60 years)), and by using different equations (Eq. 2-18 and Eq. 2-19) and 
methods (i.e. year-by-year and average year) are plotted in Fig. 5-1 to 5-5. The results 
indicates that the average year method is very sensitive to the assumed initial storage with the 
biggest variation up to 17.12 TMI units (calculated by Eq. 2-18) at the end of year 10 for 
Cape Otway. It seems that year-by-year analysis method was not significantly influenced by 
assumed initial storage values and the biggest variation (1.8 TMI units, calculated by Eq. 2-18) 
occurred at Wilsons Promontory station at the end of year 10. Results computed by Eq. 2-19 
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Note: 
      1. Average year method and year-by-year method  
          are applied on both Eq. 2-18 and Eq. 2-19 
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suggest that only a slight difference in TMI values calculated using the year-by-year method 
or the average year method. Furthermore, TMI values produced by Eq. 2-18 based on the 
year-by-year analysis method are quite similar to those computed using simplified Eq. 2-19. 
It is interesting to note that for Mildura and Horsham, average year analysis produced the 
same TMI results when Eq. 2-18 (when So = 0 cm) and Eq. 2-19 were used respectively. This 
may be attributed to the absence of “runoff” since only one year water balance analysis was 
carried out using equation Eq. 2-18.  
 
Various study periods in deriving TMI have been adopted by researchers in their work (refer 
to Table A1, Appendix A). Chan and Mostyn (2008) suggested that 20 continuous year 
weather records should be the bench mark for TMI calculation, and study periods less than 20 
continuous years might not truly reflect the climatic condition for a particular site. Australia 
standard 2870-2011 suggest to use at least 25 continuous years climate data to derive TMI. 
However, no sufficient evidences were provided to show the reason why the data records has 
to be 20 or 25 years and this is also where debate arose among many researchers.  
 
Results in Fig. 5-1 to 5-5 show that TMI values are fluctuated slightly in each time interval. It 
is important to note that there is a certain gap between TMI values analyzed in average year 
method applied on Eq. 2-18. This can be explained by the level of sensitivity of the average 
year analysis on the assumed initial storage values. It can also be observed that for year-by-
year method and simplified equation, the TMI gap is relatively small at end of the 10 year 
interval and this gap become extremely small for 1954-2013 study period. 
 
Table 5-6 TMI Results for the Study Sites Calculated in Different Time Intervals 
                  Station 
  
  Year 
Mildura 
(TMI) 
Cape Otway 
(TMI) 
Horsham 
(TMI) 
Wilsons 
Promontory 
(TMI) 
Orbost 
(TMI) 
10 -63.36 29.99 -42.27 47.18 22.47 
20 -65.68 34.66 -43.67 51.77 17.38 
30 -65.34 35.08 -42.23 51.18 19.41 
40 -64.68 34.99 -40.54 52.50 19.69 
50 -66.10 33.72 -41.35 51.67 17.82 
60 -66.29 31.63 -42.10 50.32 15.74 
Mean -65.24 33.35 -42.03 50.77 18.75 
 
Table 5-6 present TMI values for the study sites calculated in each time interval using year-
by-year method applied on simplified Eq. 2-19. The mean for each site was also computed 
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for comparison. It can be seen that the closest TMI to the mean falls between 30 to 60 year 
analyzing lengths where three sites has its closest TMI to the mean at the end of year 30. 
However, it does not necessarily indicate 30 continuous years is the benchmark for TMI 
calculation. Since TMI is calculated as the average of annual TMI in a considerable period 
(year-by-year method), it is heavily dependent on climatic factors such as temperature and 
rainfall which lead to TMI value vary year to year. Hence, it brings some difficulties in 
determining the study length for TMI calculation. As can be seen from the results in Table 5-
6, the variation for each study site ranges from 3 to 7 TMI units and such variation may have 
a great impact on site classification. In terms of reliability, 10 continuous years are 
considered as statistically insufficient number for TMI computation as weather record for 
short period will not truly reflect the climatic condition for a site. TMI variation is from 1 to 4 
units if 20 continuous years are considered as a bottom line for TMI determination and thus a 
relatively smaller TMI variation has less impact on site classification and such variation is 
also considered in an acceptable range. In terms of data availability, weather record for 20 
continuous years is much easier to be obtained compared to 60 continuous years. In terms of 
accuracy, more missing data will lead to less accurate result and more missing data are very 
likely to occur in 60 continuous years than 20 years. Therefore, it is suggested that weather 
record used for TMI calculation shall be not less than 20 continuous years. 
 
      5.2.1 Discussion 
 
When using Eq. 2-17 and Eq. 2-18 for TMI calculation, initial and maximum soil moisture 
storage data are required for water balance analysis. However, such data rarely existed and 
had to be estimated. The above case study has shown that average year analysis method is 
very susceptible to the assumed initial storage values and thus this method should be avoided. 
Year-by-year analysis method does not significantly influenced by assumptions made and the 
TMI values computed by Eq. 2-18 are quite similar to those analysed using the simplified 
equation (i.e. Eq. 2-19). Without employing initial and maximum storage values, Eq. 2-19 
leads to a major simplification as TMI value can be obtained by the use of only monthly 
rainfall and temperature data. Therefore, it is recommended that continuous weather record 
data of statistically significant number of years may be analysed using either the simplified 
Thornthwaite equation (Eq. 2-19), or Eq. 2-18 with year by year method. If discontinuous 
weather data are obtained, average year analysis method may be used in conjunction with Eq. 
2-19 since it eliminates the need to carry out the water balance analysis.  
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This study also evaluated the impact of the number of years employed for TMI calculations. It 
is suggested that at least 20 continuous year weather record data are required for TMI 
calculation, which generate relatively smaller TMI variation. A data set with 20 year weather 
records are much easier to be obtained. If long term continuous weather data sets exist, it is 
the authors’ opinion that the longer study periods employed, the more reliable TMI values 
will be obtained. 
 
 
5.3 Case Study of TMI Values Calculated by Various PET Equations  
 
In this study, TMI results at three selected areas are calculated by using different PET 
equations/models and compared. Study sites are selected in various states across Australia, 
which include Melbourne (VIC), Maryland (NSW) and Walkley Heights (SA). Fully 
recorded long term data sets for 1993-2013 period are extracted from the following weather 
stations: Melbourne Airport (086282), Newcastle University (061390) and Adelaide Kent 
Town (023090). Meteorological data are employed for PET computation using Thornthwaite 
Evapotranspiration equation and ASCE Standardized Penman-Monteith equation. Both the 
calculated PET results are then brought to the simplified equation Eq. 2-19 for TMI 
calculation. The reason why these two PET calculation methods are chosen is because the 
former equation has been widely used by many researchers and the latter equation produces 
the most reliable and accurate PET result. 
 
Table 5-7 Comparison of TMI Calculated Using Different PET Equations 
                   Location  
 
  Methodology 
Melbourne  Maryland 
Walkley 
Heights 
Melbourne  Maryland Walkley Heights 
Equation used for PET 
Calculation 
ei' = ei 
DiNi
30 
  (Eq. 2-9) ETref = [
0.408∆(Rn-G)+γ
Cn
T+273
 u2(es-ea)
∆+γ (1+Cdu2)
]  (Eq. 2-16) 
PET Results 76cm 89cm 86cm 151cm 139cm 161cm 
Equation used for TMI 
Calculation 
TMI = 100(
P
  PET
- 1)  (Eq. 2-19) 
TMI Results -32.48 26.25 -38.97 -65.77 -19.41 -67.06 
 
Note: 1. PET results presented in Table 5-7 are the mean of the study periods, 
 2. Missing data for a particular day is obtained from the nearest neighboring weather station, 
3. An example of PET calculation using Eq. 2-16 is given in Table A2, Appendix A. 
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As demonstrated in the previous section, temperature based Thornthwaite evapotranspiration 
equation requires only temperature data which is relatively easier to obtain from most 
weather stations in Australia. In marked contrast, ASCE Standardized PM equation as a 
radiation based method requires diverse weather data, such as solar radiation, air humidity, 
wind speed and etc. It is rather difficult to obtain all the weather parameters since some of 
them are never existed. This method gives the highest accuracy if all the required parameters 
are available.  
 
 
 
Fig. 5-6 Potential Evapotranspiration - Comparison of the Results Obtained Using Different 
Equations 
 
As can be seen from Table 5-7, there is a big difference in PET results. The PET values 
computed by Standardized PM equation are generally much higher than those calculated 
based on Thornthwaite equation. For Melbourne, PET value computed by Standardized PM 
equation is nearly as twice as the result calculated using Thornthwaite equation. From 
temperature point of view, according to BOM Australia, based on a standard 30-years 
climatology record, the average daily mean temperature in Maryland and Walkley Heights is 
from 15 to18 Celsius degree while in Melbourne the temperature is between 12 and 15 
Celsius degree. This trend is consistence with the nature of the temperature based 
Thornthwaite PET equation, that is, the higher the temperature, the higher the PET value is 
obtained. However, PET valued derived by Standardized PM equation does not follow this 
trend since it is a radiation based method. 
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Fig. 5-7 Comparison of TMI Calculated Using Different PET Calculation Methods 
 
The simplified equation (Eq. 2-19) and the PET values obtained from two different equations 
were employed for TMI computation. The results are summarised in Table 5-7. It shows that 
Walkley Heights has the lowest TMI value of -38.97 (-67.06), indicating it has a drier climate 
and as the result, soil movement beneath the footing is relatively larger than other sites. The 
climate of Maryland is the wettest with a TMI value of 26.25 (obtained from Thornthwaite 
equation) or -19.41(obtained from Standardized PM equation). As shown in Fig. 5-7, TMI 
values derived by Standardized PM equation are much lower than those obtained by 
Thornthwaite equation. It is interesting to note that PET is directly proportional to its 
corresponding TMI value, that is, the higher the PET, the higher the TMI.  
 
      5.3.1 Discussion 
 
The differences of PET calculated by Thornthwaite equation and ASCE Standardized 
Penman-Monteith equation are quite significant. Such discrepancies can be explained by the 
different methods/equations and input climatic data used in PET calculations. Each PET 
computation method has its own advantages. For example, only temperature data that is 
readily available from most weather stations is required for Thornthwaite PET equation while 
ASCE Standardized Penman-Monteith equation gives a more reliable and accurate PET value 
since it requires large and diverse climatic data. The large variation of PET has direct 
influence on its corresponding TMI value and hence the difference between TMI is large as 
well. The results in Table 5-7 show that Maryland has the highest TMI value which indicates 
Thornthwaite Eq.2-9 
(Maryland)
ASCE PM Eq.2-16 
(Maryland)
Thornthwaite Eq.2-9 
(Walkley Heights)
ASCE PM Eq.2-16 
(Walkley Heights)ASCE PM Eq.2-16 
(Melbourne) 
Thornthwaite Eq.2-9
(Melbourne) 
-80
-60
-40
-20
0
20
40
0 50 100 150 200
T
M
I
Potential Evapotranspiration 
169   CHAPTER 5 
 
the wettest climate compared to the other two sites. The high negative TMI values indicate 
that both Melbourne and Walkley Heights had experienced the severe aridity in the past 20 
years.  
 
 
5.4 Case Study of Future Ground Surface Movement Prediction and Site Classification 
 
A case study has been conducted to compare and evaluate the impact of climate change on 
characteristic ground surface movement ys, at the top five largest cities in Australia (i.e. 
Sydney, Melbourne, Brisbane, Perth and Adelaide) in four particular years (i.e. 1990, 2013, 
2030 and 2070).  
 
The temperature based Thornthwaite Evapotranspiration equation (Eq. 2-9) is adopted for 
PET calculation and the simplified Thornthwaite equation (Eq. 2-19) is employed for TMI 
computation respectively. Meteorological parameters used to calculate TMI in 1990 and 2013 
were extracted from the following weather observation stations which are nearest to CBD of 
Sydney, Melbourne, Brisbane Perth and Adelaide: Sydney Observatory Hill (066062), 
Melbourne Regional Office (086071), Brisbane Aero (040223), Perth Regional Office 
(009034) and Adelaide Kent Town (023090). 
 
Table 5-8 Temperature and Precipitation Projections for Australia’s Major Cities 
Major City Climatic Variables Season 2030 A1B1 50p3 2070 A1FI2 50p 
Sydney 
Temperature 
(°C) 
Spring +1 +3.3 
Summer +1 +3.1 
Autumn +0.9 +3 
Winter +0.8 +2.6 
Precipitation 
(%) 
Spring -6 -17 
Summer +1 +2 
Autumn -2 -6 
Winter -5 -16 
Melbourne 
Temperature 
(°C) 
Spring +0.9 +2.9 
Summer +1 +3.1 
Autumn +0.8 +2.7 
Winter +0.7 +2.2 
Precipitation 
(%) 
Spring -7 -21 
Summer -1 -4 
Autumn -2 -5 
Winter -4 -12 
Brisbane 
Temperature 
(°C) 
Spring +1 +3.2 
Summer +0.9 +3 
Autumn +0.9 +3 
Winter +1 +3.1 
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Precipitation 
(%) 
Spring -6 -18 
Summer -1 -3 
Autumn -3 -9 
Winter -6 -18 
Adelaide 
Temperature 
(°C) 
Spring +0.9 +3 
Summer +0.9 +3 
Autumn +0.9 +2.8 
Winter +0.8 +2.4 
Precipitation 
(%) 
Spring -8 -23 
Summer -2 -5 
Autumn -1 -4 
Winter -6 -19 
Perth 
Temperature 
(°C) 
Spring +0.9 +2.9 
Summer +1 +3.1 
Autumn +0.8 +2.7 
Winter +0.7 +2.2 
Precipitation 
(%) 
Spring -7 -21 
Summer -1 -4 
Autumn -2 -5 
Winter -4 -12 
Note:   Projections made above are relative to average rainfall and temperature in 1990, 
            1. Middle emissions scenario, 
            2.  High emissions scenario, 
            3.  Best estimate: 50 percentile, the mid-point of the spread of model results. 
 
The summary of climate change projections for Australia’s major cities based on best 
estimate (i.e. 50 percentile) and a given emission scenario are shown in Table 5-8. It can be 
seen that the projected future temperature will rise across Australia with the increase around 
1°C and 3°C in 2030 and 2070 respectively and this pattern varies little seasonally. Different 
from the temperature pattern which is always increase, the trend of precipitation change 
exhibit both increase and decrease. As illustrated in Table 5-8, most cities are expected to 
experience less rainfall events except for the summer of Sydney, which will has the 
precipitation growth of 1% in 2030 and 2% in 2070. It seems that the projected precipitation 
change vary seasonally and there is a significant decrease for winter and spring precipitation 
trend. 
 
Based on climate condition in 1990, future precipitation and temperature data are determined 
using the climate trend provided in Table 5-8 to allow TMI in 2030 and 2070 to be computed. 
The depth of design suction change Hs is estimated according to TMI- Hs relationship 
described in Table 2-12. Interpolation was applied if TMI falls in between the given 
thresholds. Surface soil suction change (Δus) of 1.2 is adopted for all cities in accordance 
with AS2870-2011. Suction based characteristic ground surface movement estimation 
171   CHAPTER 5 
 
method was employed for ys estimation. For simplicity, soil profile is assumed with uniform 
clay of Ipt = 4.0%/pF. An example of step-by-step ys prediction procedures can be found in 
Appendix F. 
 
Table 5-9 The Comparison of Estimated Ground Surface Movement for Australia’s Major Cities 
              Variables 
  City 
TMI Interpolated Hs(m) Ys (mm) Site Class 
1990 2013 2030 2070 1990 2013 2030 2070 1990 2013 2030 2070 1990 2013 2030 2070 
Sydney 120 48 103 67 1.5 1.5 1.5 1.5 49 49 49 49 H1 H1 H1 H1 
Melbourne -22 -23 -28 -41 2.8 2.8 3.2 4.1 82 82 91 108 E E E-D E-D 
Brisbane 35 20 23 -4 1.5 1.5 1.5 1.8 49 49 49 58 H1 H1 H1 H1 
Adelaide -44 -44 -50 -61 4.3 4.3 4.7 5.4 111 111 117 125 E-D E-D E-D E-D 
Perth -13 -17 -21 -37 2.2 2.5 2.7 3.8 68 75 80 103 H2 H2 E E-D 
Note:   1. TMI are calculated based on the simplified equation (i.e. Eq. 2-19), 
2. TMI values computed above only reflect the climate condition for that particular year. 
 
As shown in Table 5-9, the top five largest cities in Australia except Sydney have 
experienced and will continue to experience an increased ground surface movement as the 
result of climatic change. Based on the estimated results, class H1 is assigned for Sydney and 
Brisbane whilst class E or E-D is given to Melbourne and Adelaide. It is interesting to note 
that ys value in Perth increased from 68mm (1990) to 75mm (2013) whilst it remains the 
same in other cities. 
 
   
 
Fig. 5-8 TMI, Hs and ys Comparison for Australia’s Major Cities in 1990, 2013, 2030 and 2070 
 
Fig. 5-8 shows that TMI is inversely proportional to both Hs and ys since a decrease in TMI 
leads to an increase Hs and ys value. It also indicates that climate change will result in a more 
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negative TMI along with time and hence the larger depth of design suction change and the 
greater ground surface movement. It can be seen that TMI for Sydney in 1990 is extremely 
high compared to other years and this can be explained by the light precipitation events in 
2013, 2030 and 2070. It is important to understand that TMI is an annual index which is 
calculated by using long term weather data for statistically significant number of years. TMI 
values presented in this section are only represent the climate condition in that particular year. 
 
 
5.5 Conclusion 
 
In this Chapter, three case studies have been conducted to promote further understandings on 
the use of different equations and methods in estimating TMI, and to evaluate the impact of 
climate change on the characteristic ground movement (ys). 
 
The first case study was carried out to assess and compare TMI values derived by three 
equations (i.e. Eq. 2-17 to 2-19) and two methods (i.e. year-by-year and average year) in 
various locations across Victoria over 60-year period (in 10 to 60 year intervals, i.e. 1954-
1963, 1954-1973, 1954-1983, 1954-1993, 1954-2003 and 1954-2013). The results indicate 
that for Eq. 2-17 and Eq. 2-18, the average year analysis method is very susceptible to the 
assumed initial storage values and thus this method should be avoided. Meanwhile it seems 
that year by year analysis method does not significantly influenced by assumptions made and 
the TMI values computed by Eq. 2-18 are quite similar to those obtained using the simplified 
equation (Eq. 2-19). It is suggested that if continuous weather record data of statistically 
significant number of years are available, Eq. 2-18 in conjunction with the year by year 
method or the simplified equation (Eq. 2-19) with either the average year analysis method or 
the year by year method, can be adopted. If there are discontinuous weather data, the average 
year analysis method should be used in in conjunction with Eq. 2-19 since it eliminates the 
need to carry out the water balance analysis. This study also evaluated the impact of the 
number of years employed on the final TMI result for the study sites. It is the author’s opinion 
that weather record for at least 20 continuous years can produce a reliable TMI. A longer 
study period (e.g., 30 years) will give more reliable TMI result but the climatological data for 
more than 20 years may not readily available from many weather stations. 
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The purpose of second case study is to compare TMI results computed from 1993 to 2013, 
using different PET equations and models (i.e. Eq. 2-9 and Eq. 2-16). Study sites were 
selected in various states across Australia, which include Melbourne (VIC), Maryland (NSW) 
and Walkley Heights (SA). The calculated PET results show that the differences between 
Thornthwaite equation and ASCE Standardized Penman-Monteith equation are quite 
significant. This can be attributed to the different assumptions and the input parameters 
adopted. As a result of large PET discrepancy, the difference of its corresponding TMI value 
is large as well. According to the TMI results shown in Table 5-7, climate in Maryland is the 
wettest since it has the biggest TMI value. The climate condition in Melbourne and Walkley 
Heights is quite similar, which have experienced the intense soil desiccation in the past 20 
years and thus the higher incidence of residential footing movement induced structural failure.  
 
The third case study has been performed to compare and evaluate the effect of climate change 
on characteristic ground surface movement for Sydney, Melbourne, Brisbane, Perth and 
Adelaide in 1990, 2013, 2030 and 2070. The predicted results indicate that as the result of 
climatic changes, these cities have experienced and will continue to experience an increased 
ground surface movement. It is recommended by the author that further modification of 
Australian standard AS2870 would be required in order to accommodate the future potential 
effects of climate change. 
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CHAPTER 6   CONCLUSION AND RECOMMENDATION 
 
 
 
6.1 Conclusions 
 
The main aim of this study was to investigate and assess the impact of climate change on 
residential footing design and construction. The primary focus was the climate indicator 
Thornthwaite moisture index (TMI), which has been used to quantify the past climatic 
variations and predict the future climate changes for Victoria. An Excel spreadsheet-based TMI 
calculation software has been developed, which allows the design engineers to calculate TMI 
using various equations and methods for any area and any period. The most up-to-date as well 
as the predicted future TMI isopleth maps of Victoria have been produced to assist practitioners 
and engineers for routine residential footing and pavement design. 
 
The collection method of meteorological parameters which were used to compute TMI for 60-
year period (in three by twenty year intervals, i.e. 1954-1973, 1974-1993 and 1994-2013) was 
introduced. Step by step TMI derivation procedural using both the original (Eq. 2-17) and 
simplified Thornthwaite (Eq. 2-19) equations in conjunction with year-by-year method were 
described. Methodology for predicting future climate conditions of Victoria based on the 
projected climate trend was also presented. Worked examples were conducted in three densely 
populated regions of Victoria to investigate how meteorological parameters (e.g., precipitation) 
influence the computed TMI results. Three case studies were carried out to facilitate further 
understanding on the use of different equations and methods in estimating TMI as well as to 
evaluate the effect of climate change on the amount of future characteristic surface movement 
ys, which was predicted using the climate indicator TMI based on the projected climate trend. 
The following conclusions can be drawn from this research study. 
 
1. The computed TMI values for Victoria over the past 60 years using year-by-year 
method applied on the original (Eq. 2-17) and simplified (Eq. 2-19) equation have 
shown that, there is a significant difference for TMI value computed use Eq. 2-17 and 
Eq. 2-19, with latter equation has generally a more negative TMI tendency which 
indicate more arid climate condition. The computed mean TMI results showed Victoria 
has experienced an increasing severity of the desiccation of soils over the past several 
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decades where the most noticeable growth of drying had occurred in recent 20 years 
(1994-2013) since there was a rapid decrease of TMI value for almost all studied 
weather stations except Wonthaggi with a positive growth of 3 TMI units. 
 
2. Melbourne City (086071), Laverton (087031) and Geelong (087025) were selected to 
investigate how meteorological parameters influence the computed TMI. The analyzed 
results indicate that the highest positive TMI value may not always occur in the same 
year that had the heaviest precipitation event and this can be attributed to the effect of 
potential evapotranspiration. Moreover, according to the linear correlation between 
TMI and precipitation, it is seen that variation about the trend line can be explained by 
the temporal rainfall distribution within any given year. It is noted that the highest 
coefficient of determination R2 has always occurred in recent 20-year period, which 
indicated a very good linear correlation between TMI and precipitation. In addition, 
long drought of 4 consecutive years (from 2006 to 2009) was presented for all three 
study sites, which was considered as an important factor in contributing the most 
noticeable growth of drying in recent 20 years. 
 
3. TMI contour maps delineated based on Eq. 2-17 and Eq. 2-19 have shown that Victoria 
has experienced a significant growth of drying over the past 60 years with a presence 
of wetting climate in north-east part of the state. Generally speaking, TMI variation 
tends are quite similar for maps developed by using these two TMI computation 
equations, with more severe soil desiccation shown in maps produced by Eq. 2-19. In 
terms of climate zone classification, it is seems that maps developed based on Eq. 2-17 
may present a better climate zoning since the drought was not as severe as those 
presented in maps delineated based on Eq. 2-19. However, this is only an empirical 
inference, uncertainties involved are attributable to the non-rigorous climate 
classification system itself since it does not clearly define which TMI calculation 
method was employed to correlate TMI and climate zone. The overall drying of 
Victorian climate implies an increase in the severity of desiccation of the soil profile, 
which could potentially result in a higher incidence of soil moisture variation induced 
ground movement and the subsequent structural failure. 
 
4. TMI contour maps developed for Victoria in 2030 (A1B scenario), 2050 (A1FI 
scenario) and 2070 (A1FI scenario), based on the predicted TMI values have 
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demonstrated an overall significant growth of drying for Victoria, where the most 
noticeably increase of aridity is expect to occur in 2070. It is predicted that, Victoria 
will suffer an overall increase of aridity if these climate trends are persisted, with the 
mean TMI tends to be more negative, soil shrinkage and the subsequent desiccation is 
very likely to be more pervasive. 
 
5. The first case study was carried out to assess and compare TMI values derived by three 
equations (i.e. Eq. 2-17 to 2-19) and two methods (i.e. year-by-year and average year) 
in various locations across Victoria over 60-year period. The results show that for Eq. 
2-17 and Eq. 2-18, the average year analysis method is very susceptible to the assumed 
initial storage values and thus this method should be avoided. The year-by-year analysis 
method does not significantly influenced by the initial storage value assumed and the 
TMI values computed by Eq. 2-18 are quite similar to those derived by Eq. 2-19 using 
both year-by-year method and average year method. It is suggested that if continuous 
weather record data of statistically significant number of years are available, Eq. 2-18 
in conjunction with the year by year method or the simplified equation (Eq. 2-19) with 
either the average year analysis method or the year by year method, can be adopted. If 
there are discontinuous weather data, the average year analysis method should be used 
in in conjunction with Eq. 2-19 since it eliminates the need to carry out the water 
balance analysis. This study also evaluated the impact of the number of years employed 
on the final TMI result for the study sites. It is the author’s opinion that weather record 
for at least 20 continuous years can produce a reliable TMI. A longer study period (e.g., 
30 years) will give more reliable TMI result but the climatological data for more than 
20 years may not readily available from many weather stations. 
 
6. The second case study was to compare TMI results of three selected sites from 1993 to 
2013, using different PET equations and models (i.e. Eq. 2-9 and Eq. 2-16). The 
calculated PET results show that the differences between Thornthwaite equation and 
ASCE Standardized Penman-Monteith equation are quite significant. This can be 
attributed to the different assumptions and the input parameters adopted. As a result of 
large PET discrepancy, the difference of its corresponding TMI value is large as well. 
According to the TMI results shown in Table 5-7, climate in Maryland is the wettest 
since it has the biggest TMI value. The climate condition in Melbourne and Walkley 
Heights is quite similar, which have experienced the intense soil desiccation in the past 
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20 years and thus the higher incidence of residential footing movement induced 
structural failure. 
 
7. The third case study has been performed to compare and evaluate the effect of climate 
change on characteristic ground surface movement for various cities in Australia. The 
predicted results indicated that as the result of climatic change, top five largest cities in 
Australia except Sydney have experienced and will continue to experience an increased 
ground surface movement as the result of climatic change. Based on the estimated 
results, class H1 (Highly reactive site) is assigned for Sydney and Brisbane whilst class 
E (Extremely reactive site) or E-D (Extremely reactive site with deep-seated moisture 
changes) is given to Melbourne and Adelaide. It is interesting to note that ys value in 
Perth increased from 68mm (1990) to 75mm (2013) whilst it remains the same in other 
cities. 
 
 
6.2 Recommendations for Further Studies 
 
This research work has focused on the use of TMI to quantify and predict the climate condition 
as well as to estimate the impact of climatic variations on the quantity of characteristic surface 
movement ys. Based on the results presented in this study, further research can be performed 
to extend the research in following areas. 
 
1. In order to calculate TMI using the original Thornthwaite equation (Eq. 2-17), the 
maximum moisture storage (Smax) value has to be assumed. Many workers employed 
Smax of 10 cm in their studies, however there is no theoretical evidence to support it. 
Therefore, it is crucial to examine the effect of assumed Smax value on TMI and this 
might be achieved by conduct case studies in various locations of Australia. 
 
2. Australian Standard AS2870-2011 suggested suction change at soil surface ∆us of 1.2 
pF shall be used for cities listed in Table 2-10. However, compared to AS2870-1996 
edition, ∆us of 1.5pF (3.1kPa) was recommended for cities such as Hobart, Hunter 
Valley, Newcastle and Sydney. It is believed the change of ∆us from 1.5pF to 1.2pF is 
based more on ‘engineering experience’ rather than quantitative research since the 
value of ∆us is rarely existed and there is little theoretical basis for the derivation of ∆us. 
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Hence, long-term quantitative research on ∆us value for major cities of Australia would 
be necessary. 
 
3. It was not clearly defined by Thornthwaite for which PET calculation method or model 
to be used in deriving TMI. TMI results were compared and assessed use Thornthwaite 
method and ASCE Standardized Penman-Monteith method in this research. It is 
recommended more reliable PET methods be used for TMI calculation so that some of 
the methods with similar TMI results can be categorized into groups to benefit TMI 
users. 
 
4. The predicted growth of drying may lead to an increase in the incidence of foundation 
movement induced residential dwelling cracks or failure and thus further review of 
Australian standard AS2870 would be required to cater for the potential effects of future 
climate change on residential footings. This may be achievable if the standard 
incorporates the effect of climate change as an influencing factor for residential footing 
design. 
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Table A1 Various Equations and Methods Employed by Researchers in Deriving TMI 
Author Publication 
PET calculation 
method 
Equation 
employed 
Method 
employed 
Year of the 
observation 
No. of 
weather 
stations 
Chan  
and  
Mostyn  
(2009) 
Climatic Factors For 
AS2870 for New South 
Wales 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-17) 
TMI = 
100R-60D
PET
 
Year-by-
year 
method 
5-20 64 
Chan  
and  
Mostyn  
(2008) 
Climatic Factors For 
AS2870 For the 
Metropolitan Sydney 
Area 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-17) 
TMI = 
100R-60D
PET
 
Year-by-
year 
method 
3-144 63 
Lopes  
and 
 Osman  
(2010) 
Changes of 
Thornthwaite’s Total 
Moisture Indices in 
Victoria From 1948-
2007 and the Effect 
On Seasonal 
Foundation Movements 
Morton’s 
evapotranspiration  
PET = 0.408 [Rn –λ 
fa (Tp Ta)] 
(Eq. 2-17) 
TMI = 
100R-60D
PET
 
Year-by-
year 
method 
20 135 
Fox  
(2002) 
Development of a Map 
of Thorthwaite 
Moisture Index 
Isopleths For 
Queensland 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-17) 
TMI = 
100R-60D
PET
 
Year-by-
year 
method 
22-147 154 
Fox  
(2000) 
A Climate-Based 
Design Depth of 
Moisture Change Map 
of Queensland and the 
Use of Such Maps to 
Classify Sites Under 
AS2870-1996 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-17) 
TMI = 
100R-60D
PET
 
Year-by-
year 
method 
22-147 154 
McCabe  
and  
Wolock  
(1992) 
Effects of Climatic 
Change and Climatic 
Variability on the 
Thornthwaite Moisture 
Index In the Delaware 
River Basin 
Hamon potential 
evapotranspiration 
equation  
PET = (0.5949 + 
(0.1189 TC))×365, 
(Eq. 2-19) 
TMI = 
100×(
P
PET
-1) 
Year-by-
year 
method 
33 6 
Mitchell 
 (2013) 
Climate Change Effects 
on Expansive Soil 
Movements 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-17) 
TMI = 
100R-60D
PET
 
Year-by-
year 
method 
- 4 
Mitchell 
 (2012) 
Footing Design for Tree 
Effects Considering 
Climate Change 
 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-17) 
TMI = 
100R-60D
PET
 
Year-by-
year 
method 
- 4 
195 
Jewell  
and 
Mitchell 
(2009) 
The Thornthwaite 
Moisture Index and 
Seasonal Soil 
Movement in Adelaide 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-17) 
TMI = 
100R-60D
PET
 
Year-by-
year 
method 
90 1 
Thornthwaite,  
(1948) 
An Approach Toward a 
Rational Classification 
of Climate 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-17) 
TMI = 
100R-60D
PET
 
Year-by-
year 
method 
- 3500 
McKeen  
and  
Johnson  
(1990) 
Climate-Controlled Soil 
Design Parameters For 
Mat Foundations 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-17) 
TMI = 
100R-60D
PET
 
Year-by-
year 
method 
- - 
Fityus et al. 
(1998) 
The Influence of 
Climate As Expressed 
by the Thorthwaite 
Index on the Design 
Depth of Moisture 
Change of Clay Soils In 
The Hunter Valley 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-19) 
TMI = 
100×(
P
PET
-1) 
Average 
year- 
Simplified 
Method 
 
6-91 38 
Er  
and  
Rifat  
(2014) 
Evaluating of the 
Climatic Factors for the 
Classification of 
Oklahoma Pavement 
Regions 
Thornthwaite 
evapotranspiration 
(Eq. 2-9) 
ei' = ei 
DiNi
30 
 
(Eq. 2-20) 
TMI= 
75× 
(
P
PET
-1)+10 
Year-by-
year 
method 
77 18 
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Table A2 Reference Evapotranspiration (ETref) Determination for Melbourne Airport  
Station Name : Melbourne Airport Elevation(m) : 113 Year/Month/Date : 01-01-2010 Latitude(Rad.) : -0.657 
Date 
Mean daily 
Temp.  
(Tmean)    
  (℃) 
Wind 
speed (u2)        
(m/s) 
Slope of 
saturation 
vapor P. curve   
  (Δ)                         
(kPa/ °C) 
Atm. 
Pressure  
(P) (Kpa) 
Psychrometric 
constant       
 (ϒ)     
 (kPa/°C) 
Daily Max. 
saturation 
vapour P. 
(eTmax) (Kpa) 
Daily Min. 
saturation 
vapour P.  
(eTMIn)           
(Kpa) 
Daily mean 
saturation 
vapour P. 
(es)   
   (Kpa) 
Actual 
vapour P.     
(ea)  
(Kpa) 
No. of the 
day in the 
year   
  (J) 
Inverse 
relative Dist. 
Earth-Sun      
(dr) (rad) 
Solar 
declination 
(d)        
(rad) 
Sunset 
Hr. angle 
(ws)    
(rad) 
Calculated 
mean daily 
solar Rad.      
(Rs)       
 (MJ /m2) 
Extraterrestrial 
Rad.  
 (Ra)        
(MJ /m2 /day) 
Clear sky 
solar Rad.  
 (Rso)               
(MJ /m2/day) 
Net shortwave 
Rad.   (Rns)           
(MJ /m2 /day) 
Net longwave 
Rad.  (Rnl)  
(MJ /m2 /day) 
Net Rad.    
(Rn)               
(MJ 
/m2 /day) 
 
Reference 
evapotranspiration 
(mm/day)           
(ET0) 
(Eq. 2-16) 
 
1 14.2 6.358 0.105 99.971 0.066 2.353 1.095 1.724 0.871 1 1.033 -0.401 1.904 30.309 44.373 33.380 23.338 6.145 17.194 5.920 
2 16.7 2.327 0.121 99.971 0.066 3.093 1.133 2.113 0.923 2 1.033 -0.400 1.903 - 44.328 33.347 26.796 7.564 19.232 6.335 
3 22.0 6.732 0.161 99.971 0.066 4.317 1.558 2.937 1.027 3 1.033 -0.398 1.901 - 44.280 33.310 18.249 4.519 13.730 9.248 
4 14.6 8.269 0.107 99.971 0.066 2.157 1.270 1.713 1.282 4 1.033 -0.396 1.900 - 44.228 33.271 11.858 1.679 10.179 3.294 
5 14.5 6.732 0.107 99.971 0.066 2.064 1.313 1.688 1.227 5 1.033 -0.395 1.898 - 44.171 33.228 12.936 2.066 10.870 3.441 
6 16.5 4.820 0.119 99.971 0.066 2.502 1.384 1.943 1.263 6 1.033 -0.393 1.896 - 44.111 33.183 13.090 2.156 10.934 4.107 
7 16.3 6.358 0.118 99.971 0.066 2.693 1.245 1.969 0.896 7 1.033 -0.391 1.894 - 44.046 33.134 24.717 6.853 17.864 6.917 
8 20.1 2.701 0.145 99.971 0.066 4.052 1.304 2.678 1.098 8 1.033 -0.388 1.892 - 43.977 33.083 24.871 6.822 18.049 7.116 
9 23.6 5.194 0.175 99.971 0.066 4.891 1.673 3.282 0.941 9 1.033 -0.386 1.890 - 43.905 33.028 24.486 7.416 17.070 10.228 
10 25.3 5.984 0.191 99.971 0.066 4.518 2.253 3.386 1.354 10 1.033 -0.384 1.888 - 43.828 32.970 10.472 1.428 9.044 8.002 
11 23.9 3.065 0.178 99.971 0.066 4.918 1.716 3.317 0.993 11 1.032 -0.381 1.885 - 43.748 32.910 26.257 8.065 18.192 8.788 
12 22.5 5.204 0.165 99.971 0.066 4.701 1.517 3.109 0.954 12 1.032 -0.379 1.883 - 43.663 32.846 26.411 8.118 18.293 10.030 
13 24.3 5.204 0.181 99.971 0.066 4.891 1.818 3.355 0.951 13 1.032 -0.376 1.880 - 43.575 32.780 26.103 8.205 17.898 10.514 
14 25.2 7.511 0.190 99.971 0.066 5.231 1.889 3.560 1.034 14 1.032 -0.373 1.878 - 43.482 32.710 24.948 7.613 17.335 12.084 
15 23.0 2.701 0.169 99.971 0.066 3.960 1.950 2.955 1.685 15 1.032 -0.370 1.875 - 43.386 32.637 11.319 1.524 9.795 4.616 
16 18.5 2.140 0.133 99.971 0.066 2.253 2.013 2.133 1.930 16 1.032 -0.367 1.872 - 43.286 32.562 4.235 -0.630 4.865 1.426 
17 18.9 2.098 0.136 99.971 0.066 3.802 1.203 2.503 1.168 17 1.032 -0.364 1.869 - 43.181 32.484 26.334 7.255 19.079 6.535 
18 24.2 8.269 0.181 99.971 0.066 5.530 1.568 3.549 1.174 18 1.031 -0.361 1.866 - 43.073 32.402 17.710 4.423 13.287 11.359 
19 21.6 3.823 0.157 99.971 0.066 3.381 1.938 2.660 1.475 19 1.031 -0.357 1.863 - 42.961 32.318 13.167 2.293 10.874 5.215 
20 22.3 5.391 0.164 99.971 0.066 3.693 1.938 2.815 0.947 20 1.031 -0.354 1.860 - 42.845 32.231 19.943 5.605 14.338 8.517 
21 16.9 6.129 0.122 99.971 0.066 2.442 1.498 1.970 1.040 21 1.031 -0.350 1.857 - 42.725 32.141 9.625 1.199 8.426 4.881 
22 15.4 6.732 0.112 99.971 0.066 2.324 1.295 1.810 1.029 22 1.031 -0.347 1.853 - 42.602 32.048 13.090 2.466 10.624 4.766 
23 13.4 5.381 0.100 99.971 0.066 2.157 1.080 1.618 0.788 23 1.030 -0.343 1.850 - 42.474 31.952 20.713 5.622 15.091 5.379 
24 14.0 0.935 0.104 99.971 0.066 2.549 0.975 1.762 0.728 24 1.030 -0.339 1.846 - 42.343 31.853 15.785 -2.584 18.369 5.116 
25 17.5 1.537 0.126 99.971 0.066 2.660 1.488 2.074 1.283 25 1.030 -0.335 1.843 - 42.208 31.752 7.392 0.370 7.022 2.692 
26 19.3 2.285 0.139 99.971 0.066 2.984 1.662 2.323 2.024 26 1.030 -0.331 1.839 - 42.069 31.647 6.391 0.021 6.370 1.949 
27 17.2 10.087 0.124 99.971 0.066 2.309 1.651 1.980 1.802 27 1.029 -0.327 1.835 - 41.927 31.540 27.181 6.151 21.030 3.426 
28 16.1 5.194 0.116 99.971 0.066 2.170 1.527 1.849 1.197 28 1.029 -0.322 1.832 - 41.781 31.430 7.777 0.537 7.240 3.479 
29 16.0 5.755 0.116 99.971 0.066 2.338 1.393 1.866 1.219 29 1.029 -0.318 1.828 - 41.631 31.317 17.941 4.161 13.780 4.551 
30 17.3 4.259 0.125 99.971 0.066 2.427 1.588 2.007 1.163 30 1.029 -0.314 1.824 - 41.477 31.202 19.019 4.741 14.278 5.106 
31 18.2 1.766 0.131 99.971 0.066 2.809 1.537 2.173 1.292 31 1.028 -0.309 1.820 - 41.320 31.084 19.635 4.849 14.786 4.678 
 
Sums 189.714 
    Note:     1. Albedo or canopy reflection coefficient (α) is 0.23 for hypothetical grass reference crop, 
                  2. As the magnitude of the day soil heat flux (Gday) beneath the grass reference surface is relatively small, thus it may be ignored, 
                  3. Latent heat of vaporization (λ) varies only slightly over normal temperature ranges, a single value of 2.45 MJ /kg is taken in the simplification of the FAO Penman-Monteith equation. 
APPENDIX B 
30
34.24
Numver of days Day length correction Precipitation Mean maximum Mean minimum Mean average Unadjusted PET Adjusted PET  △m Storage Deficit Runoff 35
 in month (Ni ) factor  (Di ) (cm)  temperature (℃)  temperature (℃)     temperature (℃) (cm) (cm)  (cm)  (cm)  (cm)  (cm) NA
January 31 1.23 2.62 33 16.4 24.7 11.23 11.95 15.14 -12.52 0.00 12.52 0.00 40
February 29 1.04 0.41 29.5 14.2 21.85 9.33 9.72 9.75 -9.34 0.00 9.34 0.00
March 31 1.06 1.35 29 14.5 21.75 9.26 9.64 10.56 -9.21 0.00 9.21 0.00
April 30 0.94 2.20 20.1 9.4 14.75 5.14 5.00 4.71 -2.51 0.00 2.51 0.00
May 31 0.89 7.61 17.4 7.7 12.55 4.03 3.81 3.52 4.09 4.09 0.00 0.00
June 30 0.82 2.03 15.6 6 10.8 3.21 2.95 2.43 -0.40 3.69 0.00 0.00
July 31 0.87 1.76 14.5 3.2 8.85 2.37 2.11 1.91 -0.15 3.54 0.00 0.00
August 31 0.94 1.61 17.1 5.1 11.1 3.34 3.09 3.01 -1.40 2.14 0.00 0.00
September 30 1.00 1.04 21.7 7.5 14.6 5.07 4.91 4.91 -3.87 0.00 1.73 0.00
October 31 1.13 7.10 22 9.4 15.7 5.65 5.56 6.48 0.62 0.62 0.00 0.00
November 30 1.17 4.64 25.7 11.1 18.4 7.19 7.27 8.47 -3.83 0.00 3.21 0.00
December 31 1.24 0.35 29.8 14 21.9 9.36 9.75 12.54 -12.19 0.00 12.19 0.00
Sums 32.72 75.18 83.43 14.09 50.71 0.00
January February March April May June July August September October November December
Precipitation
(mm)
26.2 4.1 13.5 22 76.1 20.3 17.6 16.1 10.4 71 46.4 3.5
Mean maximum
temperature (℃)
33 29.5 29 20.1 17.4 15.6 14.5 17.1 21.7 22 25.7 29.8
Mean minimum
temperature (℃)
16.4 14.2 14.5 9.4 7.7 6 3.2 5.1 7.5 9.4 11.1 14
1.2 1.03 1.06 0.95 0.92 0.85 0.9 0.96 1 1.12 1.14 1.21
1.23 1.04 1.06 0.94 0.89 0.82 0.87 0.94 1.00 1.13 1.17 1.24
1.23 1.04 1.06 0.94 0.89 0.82 0.87 0.94 1 1.13 1.17 1.25
NA NA NA NA NA NA NA NA NA NA NA NA
1.27 1.06 1.07 0.93 0.86 0.78 0.84 0.92 1 1.15 1.2 1.29
Assumption:  So  = 0 , Smax  = 10
Table B1 Excel Spreadsheet Template of Year-by-Year TMI  Analysis Method Applied on Eq.2-17 and 2-18
Month Heat Index a
Station No. :   076031      Station Name :   Mildura Airport Latitude : 34.24
1.69
Interpolation
Day length
correction factor
(Di)
          Year :
197
Latitude 
Data Input Cell 
10Smax :
-61
1952So : 0
TMI
(Eq.2-17)
TMI
(Eq.2-18)
-36
January 31 1.23 2.45 32.775 17.005 24.89 11.36 12.03 15.23 -12.78 0.00 12.78 0.00
February 28 1.04 2.77 32.135 16.845 24.49 11.08 11.69 11.33 -8.55 0.00 8.55 0.00
March 31 1.06 1.72 28.290 13.515 20.9025 8.72 8.80 9.63 -7.92 0.00 7.92 0.00
April 30 0.94 1.13 23.720 9.590 16.655 6.18 5.85 5.51 -4.38 0.00 4.38 0.00 1.2 1.03 1.06 0.95 0.92 0.85 0.9 0.96 1 1.12 1.14 1.21
May 31 0.89 1.80 19.370 7.145 13.2575 4.38 3.89 3.59 -1.80 0.00 1.80 0.00 1.23 1.04 1.06 0.94 0.89 0.82 0.87 0.94 1.00 1.13 1.17 1.24
June 30 0.82 1.91 16.195 5.265 10.73 3.18 2.66 2.19 -0.28 0.00 0.28 0.00 1.23 1.04 1.06 0.94 0.89 0.82 0.87 0.94 1 1.13 1.17 1.25
July 31 0.87 2.31 15.545 4.300 9.9225 2.82 2.31 2.09 0.23 0.23 0.00 0.00 NA NA NA NA NA NA NA NA NA NA NA NA
August 31 0.94 2.24 17.825 5.090 11.4575 3.51 2.99 2.92 -0.68 0.00 0.45 0.00 1.27 1.06 1.07 0.93 0.86 0.78 0.84 0.92 1 1.15 1.2 1.29
September 30 1.00 2.71 20.855 7.480 14.1675 4.84 4.38 4.38 -1.67 0.00 1.67 0.00
October 31 1.13 2.99 24.245 9.830 17.0375 6.40 6.10 7.11 -4.12 0.00 4.12 0.00
November 30 1.17 3.17 28.015 13.055 20.535 8.49 8.52 9.93 -6.76 0.00 6.76 0.00
December 31 1.24 3.87 30.370 14.975 22.6725 9.86 10.18 13.08 -9.21 0.00 9.21 0.00
Sums 29.07 80.82 86.99 0.23 57.92 0.00
Precipitation
(mm)
January February March April May June July August September October NovemberDecember
Mean
Max.Temp.
(℃)
January February March April May June July August September October November December
Mean
Min.Temp.
(℃)
January February March April May June July August September October November December
Yr:1992 0.4 9.4 3.2 10 42.4 17.8 2.8 40.6 74 53.6 60.4 181.2 Yr:1992 29.3 31.6 30.1 24.1 17.8 15.3 16.4 16 17 23.5 23.7 27.8 Yr:1992 14.2 16.3 15.4 10.5 7.1 5.6 4.1 4.3 6.1 10.8 10.5 16
Yr:1993 81.8 2.2 11 0 17.2 11.6 31.8 7 47 90 27.2 59.4 Yr:1993 30.5 31.2 28.1 25.9 19.8 15.3 16 19.2 19.4 22.1 27.1 27.4 Yr:1993 16.7 15.2 13.8 10.2 7.1 5.4 5.2 6.2 8.3 9.6 12.2 14.6
Yr:1994 1 77.8 0 0.4 1.2 30 13.4 1.2 15.8 5 10.8 5 Yr:1994 31.2 30.8 27.8 24.2 20 16.7 16.9 16.7 19.9 25 27.1 33.5 Yr:1994 14.4 16.8 11.9 9.1 6.8 6.1 2.9 3.3 6 9.9 12.6 16.2
Yr:1995 52.2 13.6 0.2 12.2 47 11.2 37.6 5.8 42.6 71.6 6.2 2.6 Yr:1995 32.5 31.3 26.6 20.9 17.6 15.8 13.8 19.8 20.5 22.9 28.2 29.1 Yr:1995 18.1 16.1 12.3 8.2 8.3 6 4.2 5 6.9 9.4 12.8 13.2
Yr:1996 15.4 14.6 31.4 6.6 4.2 42 53.6 32 28.6 13.4 13.2 1.4 Yr:1996 31.3 30.2 29.1 21.5 19.8 17.1 14.5 16.8 20.1 24.7 26 29.5 Yr:1996 15.8 14.7 13.5 8.7 6.5 6.7 5.8 5.7 6.9 9.6 10.5 13.6
Yr:1997 16.4 34 0 0 17.2 11.8 3.6 42 51.8 14.8 16.2 7.8 Yr:1997 32.5 35.2 26.3 24.4 18.4 16.2 14.8 16.2 19 24.8 29.7 31.5 Yr:1997 17.1 20.1 11.4 8.4 7.9 4.3 2.2 4.2 7.6 10 13.9 15.1
Yr:1998 29.8 16 1.6 20.2 1.6 7 30.4 2.6 21.2 16.4 14.8 1.2 Yr:1998 31.8 31.6 29.4 21.6 19.6 15.9 13.8 18.5 21.5 23.2 27 31.4 Yr:1998 16.8 15.3 13.1 8.9 7.1 3.9 4.4 6.2 9.1 9.9 12.5 15.3
Yr:1999 32.2 20 14.4 1 34.2 16 33.6 44.8 14.8 28 73.6 26.4 Yr:1999 35.4 31.3 27.4 22.9 20 16.1 15.6 17.4 22.1 24.9 24.6 28.3 Yr:1999 19.4 17.4 14 7.2 7.9 5 5.6 5 8.8 11.4 11.3 14.6
Yr:2000 11 76.8 5.8 49.4 13.2 11.8 25.4 39 38.8 32.8 12.8 13.4 Yr:2000 31.1 33.6 28.5 23.8 17.9 15.8 15.9 17 21.3 23.1 29.9 32.3 Yr:2000 15.9 19.7 15.4 10.6 6 4.6 4.5 4.5 8.4 9.1 15.1 15.3
Yr:2001 3.2 19.8 14.2 0.8 7.2 30.8 23.2 17.4 37.4 27.8 1.2 3.8 Yr:2001 37.1 34.1 27.8 24 19.9 17.1 15.3 18.2 22.6 21.8 26.5 28.1 Yr:2001 20.2 19.3 12.2 9.2 7.1 5.8 4.1 5.4 9.3 8.1 11.2 12.5
Yr:2002 1 12.4 23.8 9.6 14 14.2 5.6 13.8 7 5 19.8 66 Yr:2002 31.7 30.3 28.6 26.3 20.6 17 17.5 18.2 22 25.1 29.8 32 Yr:2002 15.1 14.6 12.9 10.9 7.5 5.5 4.1 3.8 7.4 8.7 13.3 15.4
Yr:2003 0.2 36.8 0 0.6 28 22 14.2 55.2 6.8 33.6 17 89.4 Yr:2003 33.8 32.4 27 25.1 19.6 16.5 15.9 16.1 20.6 21.7 29.9 32.4 Yr:2003 17.1 17 12.4 10.3 8 6.3 4.2 4.7 6.7 8.1 13 16.9
Yr:2004 3 0.8 0.6 0 7 30.8 22 25 9.8 3.8 42 28.4 Yr:2004 30.5 34.5 29.3 25.3 18.9 16.2 15 18.2 20.6 27 27.4 30.3 Yr:2004 14.3 17.3 12 10.1 5 5.7 4.5 5.7 7.3 10.3 12.9 15.3
Yr:2005 23.8 3.2 3.6 3.4 3 35.6 39.8 21.2 39 63 27.2 15 Yr:2005 32.4 30.3 28.4 27.5 21.5 17.4 16 18.4 19.7 23.6 28.3 32.2 Yr:2005 16.6 14.3 12.4 11.6 6.6 6.1 5.2 5.6 7.4 10.9 13.3 15
Yr:2006 4.6 1.2 24.6 17.8 6.4 11.4 30.8 6 9.8 0 7 3.6 Yr:2006 36.4 32.1 30.2 21.2 17.8 15.3 15.4 19.2 22.9 26.3 29.8 31.1 Yr:2006 20.4 15.8 15 8.1 5.4 2.4 4.3 4.4 7.8 9.1 12.9 14.7
Yr:2007 56.4 3.2 15.8 35.4 25 2 22.8 2.2 3.2 8.4 29.2 19.2 Yr:2007 32.3 34.6 28.9 25.6 20.9 14.2 15.7 20 22.4 25.7 30.5 31.5 Yr:2007 18.3 18.2 14.8 11.6 10.1 3 3.5 5.4 7.5 10 15 16.3
Yr:2008 19.4 0 11.4 4.8 15.8 14.4 19.6 34.2 2 3 42.6 34.8 Yr:2008 33.7 30 31.7 23.3 19.8 17.4 15.1 15.6 22.1 26.6 26.8 28.7 Yr:2008 18.3 15.1 14.8 8.8 6.5 6 4.4 4.4 7.1 10.4 13.1 14.4
Yr:2009 0.8 0 24 21.8 9.4 37 11.8 8.2 30.4 10.8 65.6 13.2 Yr:2009 35.3 33.8 28.6 23.6 19.1 16.1 16.2 19.6 22.1 24.3 32.5 31.5 Yr:2009 17 17.2 13.8 9.6 7.7 6.6 5.2 6.4 7.9 10.3 17.3 15.6
Yr:2010 8.4 19.8 35.8 18.8 51.2 14.6 25.6 28.8 54.8 88.8 103.6 141 Yr:2010 34.7 33.6 28.9 24.3 19.5 15.6 15 15.7 18.3 23.5 26.2 28.3 Yr:2010 16.9 19 14.9 12.3 7.5 5.7 3.8 5.2 6.8 10.2 13.3 14.4
Yr:2011 129.4 192.6 122 12.6 14.2 10.6 15.2 20.8 7.2 27.6 43.4 61.8 Yr:2011 32 30.2 23.1 18.9 18.9 16.9 16.1 19.7 23 25.1 29.3 30.5 Yr:2011 17.5 17.5 14.3 7.5 6.8 4.6 3.8 6.4 6.3 10.8 14.4 15.1
Assumption: So  = 0 , Smax  = 10
34.24 So : 0
Mean
minimum
temperatur
e (℃)
Mean
average
temperatur
e (℃)
Month
Numver of
days  in
month (Ni)
Day length
correction
factor  (Di)
Precipita
tion (cm)
Mean
maximum
temperatur
e (℃)
-67
198
Latitude 
1.79
Interpolation Data Input Cell 
40
Day
length
correction
factor
(Di)
Table B2 Excel Spreadsheet Template of Average Year TMI  Analysis Method Applied on Eq.2-17 and 2-18
30
34.24
35
NA
Deficit (cm)
Runoff
(cm)
Heat
Index
a
Unadjuste
d PET
(cm)
Adjusted
PET
(cm)
 △m(cm)
Storage
(cm)
           Station Name :   Mildura Airport Station No. :   076031 Latitude : Smax : 10  Year :  1992-2011
TMI
(Eq.2-17)
TMI
(Eq.2-18)
-40
30
Numver of days Day length correction Precipitation Mean maximum Mean minimum Mean average Unadjusted PETAdjusted PET 34.24
 in month (Ni ) factor  (Di ) (cm)  temperature (℃)  temperature (℃)  temperature (℃) (cm) (cm) 35
January 31 1.23 2.62 33 16.4 24.7 11.23 11.95 15.14 NA
February 29 1.04 0.41 29.5 14.2 21.85 9.33 9.72 9.75 40
March 31 1.06 1.35 29 14.5 21.75 9.26 9.64 10.56
April 30 0.94 2.20 20.1 9.4 14.75 5.14 5.00 4.71
May 31 0.89 7.61 17.4 7.7 12.55 4.03 3.81 3.52
June 30 0.82 2.03 15.6 6 10.8 3.21 2.95 2.43 -61
July 31 0.87 1.76 14.5 3.2 8.85 2.37 2.11 1.91
August 31 0.94 1.61 17.1 5.1 11.1 3.34 3.09 3.01
September 30 1.00 1.04 21.7 7.5 14.6 5.07 4.91 4.91
October 31 1.13 7.10 22 9.4 15.7 5.65 5.56 6.48
November 30 1.17 4.64 25.7 11.1 18.4 7.19 7.27 8.47
December 31 1.24 0.35 29.8 14 21.9 9.36 9.75 12.54
Sums 32.72 75.18 83.43
January February March April May June July August September October November December
Precipitation
(mm)
26.2 4.1 13.5 22 76.1 20.3 17.6 16.1 10.4 71 46.4 3.5
Mean maximum
temperature
(℃)
33 29.5 29 20.1 17.4 15.6 14.5 17.1 21.7 22 25.7 29.8
Mean minimum
temperature
(℃)
16.4 14.2 14.5 9.4 7.7 6 3.2 5.1 7.5 9.4 11.1 14
1.2 1.03 1.06 0.95 0.92 0.85 0.9 0.96 1 1.12 1.14 1.21
1.23 1.04 1.06 0.94 0.89 0.82 0.87 0.94 1.00 1.13 1.17 1.24
1.23 1.04 1.06 0.94 0.89 0.82 0.87 0.94 1 1.13 1.17 1.25
NA NA NA NA NA NA NA NA NA NA NA NA
1.27 1.06 1.07 0.93 0.86 0.78 0.84 0.92 1 1.15 1.2 1.29
Table B3 Excel Spreadsheet Template of Year-by-Year TMI  Analysis Method Applied on Eq.2-19
199
Latitude 
Month Heat Index a
TMI
(Eq.2-19)
1.69
Data Input Cell 
    Station Name :   Mildura Airport Station No. :   076031 Latitude : 34.24 Year : 1952
Interpolation
Day length
correction
factor (Di)
APPENDIX C 
1990 2030  1 2050  2 2070  2 1990 2030  1 2050  2 2070  2
076031 Mildura Airport -44 -46 -47 -49 -73 -76 -78 -81
076047 Ouyen -41 -43 -44 -46 -68 -71 -74 -77
076064 (Walpeup Research) -38 -40 -42 -44 -63 -66 -70 -73
080023 (Kerang) -36 -38 -39 -42 -59 -63 -65 -70
077042 Swan Hill Post Office -39 -41 -42 -44 -64 -67 -69 -73
078031 (Nhill) -35 -37 -39 -42 -59 -62 -65 -70
078077  (Warracknabeal) -36 -37 -40 -42 -59 -62 -66 -70
079028 Longerenong -35 -37 -39 -42 -59 -62 -65 -70
079023 (Horsham) -33 -36 -38 -41 -56 -59 -63 -68
080091 (Kyabram) -28 -31 -34 -37 -48 -52 -56 -61
080015 Echuca -34 -36 -38 -40 -56 -59 -62 -67
081049 Tatura -29 -32 -35 -38 -51 -54 -58 -63
081003 Bendigo -18 -22 -25 -31 -38 -42 -47 -55
088109 Mangalore -18 -21 -25 -30 -34 -38 -43 -50
082011 (Corryong) 38 30 21 12 23 14 5 -6
082138 Wangaratta 1 -3 -9 -15 -16 -22 -28 -36
082002 (Benalla) -9 -13 -18 -25 -28 -32 -38 -47
083083 Edi Upper 53 44 34 20 39 30 19 4
 082042 (Strathbogie) 57 48 38 24 44 34 23 7
083024 (Mount Buller) 245 223 208 165 251 226 199 162
082076 Dartmouth Reservoir 53 44 34 22 39 30 19 5
083025 Omeo 17 11 4 -2 8 1 -6 -14
084083  (Lakes Entrance) -6 -10 -16 -19 -15 -20 -27 -31
084030 (Orbost) 18 13 6 2 16 9 -1 -7
084070 (Point Hicks) 21 14 7 2 21 12 4 -3
084016 Gabo Island 31 25 16 11 34 26 15 8
085072 East Sale -9 -13 -18 -21 -18 -23 -30 -35
085096 Wilsons Promontory 53 44 35 31 53 42 30 25
086127 Wonthaggi  39 31 22 17 39 29 18 13
 087025 Geelong   -19 -22 -26 -30 -31 -36 -42 -49
086282 Melbourne Airport -16 -19 -22 -27 -27 -31 -37 -44
086351 Bundoora   0 -6 -12 -19 -7 -14 -21 -31
086071  Melbourne   -12 -17 -21 -26 -22 -28 -35 -43
087031 Laverton   -23 -25 -29 -32 -38 -42 -47 -54
086104 (Scoresby Research Institute)   25 18 11 -1 22 13 3 -10
086077 (Moorabbin Airport)  -2 -8 -13 -22 -13 -20 -27 -37
086375 Cranbourne 20 19 6 -5 15 7 -2 -15
 088110 (Castlemaine Prison) -14 -17 -21 -27 -22 -28 -34 -43
088043 Maryborough  -22 -25 -28 -34 -40 -44 -49 -56
088023 Lake Eildon  29 21 13 1 16 8 -2 -16
 089085 Ararat  -6 -10 -14 -21 -16 -22 -28 -37
089002 Ballarat Aerodrome 5 1 -5 -13 -2 -9 -16 -28
090135 (Casterton)  -3 -8 -13 -18 -17 -24 -29 -36
090044 Hamilton  -1 -6 -11 -20 -12 -19 -25 -36
 090048 (Heywood Forestry)  22 15 8 -3 10 1 -6 -19
 090171 Portland 15 9 3 -7 3 -5 -12 -24
090082 Warrnambool   38 30 23 13 38 28 18 4
090083 Weeaproinah  204 184 163 135 211 190 167 138
 090015 Cape Otway 46 38 28 16 46 36 25 10
Legend:        1.  Middle emissions scenario,      2.  High emissions scenario.
Table C1 Predicted Mean TMI  of Weather Stations in Victoria
District Station Number Station Name
TMI (Eq. 2-17) TMI (Eq. 2-19)
7
8
9
200
1
2
3
4
5
6
APPENDIX D 
Precipitation (mm) 0.34 9.90 2.12 4.42 0.62 3.88 7.43 4.63 4.80 8.54 2.46 3.78
Mean average
temperature (℃)
20.1 19.65 18.8 16.35 13.15 10.55 10.4 10.35 12.1 14.3 16.65 18.95
Latitude: 38.12
Temp.(℃) Rainfall(%) Temp.(℃) Rainfall (%) Temp.(℃) Rainfall (%) Smax  : 10
Spring 0.8 -7.5 1.75 -15 2.75 -30 So  : 0
Summer 0.8 -3.5 1.75 -7.5 2.75 -7.5 Year 1: 2030
Autumn 0.8 0 1.75 -3.5 2.75 -3.5 Year 2: 2050
Winter 0.8 -3.5 1.25 -7.5 2.25 -15 Year 3: 2070
Numver of days Day length correction Precipitation Mean maximum Mean minimum Mean average Unadjusted PET Adjusted PET  △m Storage Deficit Runoff TMI
 in month (Ni ) factor  (Di ) (cm)  temperature (℃)  temperature (℃)     temperature (℃) (cm) (cm)  (cm)  (cm)  (cm)  (cm) Eq. 2-17
January 31 1.25 0.33 20.9 8.72 9.19 11.92 -11.59 0.00 11.59 0.00
February 28 1.05 9.55 20.45 8.44 8.87 8.72 0.84 0.84 0.00 0.00
March 31 1.07 2.12 19.6 7.91 8.29 9.13 -6.17 0.00 6.17 0.00
April 30 0.93 4.42 17.15 6.46 6.68 6.24 -1.82 0.00 1.82 0.00
May 31 0.87 0.62 13.95 4.73 4.79 4.31 -3.69 0.00 3.69 0.00
June 30 0.80 3.74 11.35 3.46 3.44 2.73 1.01 1.01 0.00 0.00
July 31 0.85 7.17 11.2 3.39 3.36 2.96 5.22 5.22 0.00 0.00
August 31 0.93 4.47 11.15 3.37 3.34 3.20 6.49 6.49 0.00 0.00
September 30 1.00 4.44 12.9 4.20 4.22 4.22 6.71 6.71 0.00 0.00
October 31 1.14 7.90 15.1 5.33 5.44 6.43 8.18 8.18 0.00 0.00
November 30 1.19 2.28 17.45 6.63 6.87 8.17 2.29 2.29 0.00 0.00
December 31 1.27 3.65 19.75 8.00 8.39 11.05 -5.11 0.00 5.11 0.00
Sums 50.69 70.64 79.07 30.76 28.39 0.00
Numver of days Day length correction Precipitation Mean maximum Mean minimum Mean average Unadjusted PET Adjusted PET  △m Storage Deficit Runoff TMI
 in month (Ni ) factor  (Di ) (cm)  temperature (℃)  temperature (℃)     temperature (℃) (cm) (cm)  (cm)  (cm)  (cm)  (cm) Eq. 2-17
January 31 1.25 0.31 21.85 9.33 9.68 12.55 -12.24 0.00 12.24 0.00
February 28 1.05 9.16 21.4 9.04 9.34 9.18 -0.02 0.00 0.02 0.00
March 31 1.07 2.05 20.55 8.50 8.72 9.60 -7.56 0.00 7.56 0.00
April 30 0.93 4.27 18.1 7.01 7.02 6.55 -2.29 0.00 2.29 0.00
May 31 0.87 0.60 14.9 5.22 5.03 4.53 -3.93 0.00 3.93 0.00
June 30 0.80 3.59 11.8 3.67 3.38 2.68 0.90 0.90 0.00 0.00
July 31 0.85 6.87 11.65 3.60 3.30 2.91 4.87 4.87 0.00 0.00
August 31 0.93 4.28 11.6 3.58 3.28 3.14 6.01 6.01 0.00 0.00
September 30 1.00 4.08 13.85 4.68 4.44 4.44 5.65 5.65 0.00 0.00
October 31 1.14 7.26 16.05 5.85 5.71 6.74 6.17 6.17 0.00 0.00
November 30 1.19 2.09 18.4 7.19 7.22 8.58 -0.32 0.00 0.32 0.00
December 31 1.27 3.50 20.7 8.59 8.83 11.63 -8.13 0.00 8.13 0.00
Sums 48.05 76.25 82.53 23.61 34.48 0.00
Numver of days Day length correction Precipitation Mean maximum Mean minimum Mean average Unadjusted PET Adjusted PET  △m Storage Deficit Runoff TMI
 in month (Ni ) factor  (Di ) (cm)  temperature (℃)  temperature (℃)     temperature (℃) (cm) (cm)  (cm)  (cm)  (cm)  (cm) Eq. 2-17
January 31 1.25 0.31 22.85 9.98 10.25 13.30 -12.98 0.00 12.98 0.00
February 28 1.05 9.16 22.4 9.68 9.89 9.71 -0.55 0.00 0.55 0.00
March 31 1.07 2.05 21.55 9.13 9.21 10.15 -8.10 0.00 8.10 0.00
April 30 0.93 4.27 19.1 7.61 7.38 6.89 -2.62 0.00 2.62 0.00
May 31 0.87 0.60 15.9 5.76 5.27 4.74 -4.15 0.00 4.15 0.00
June 30 0.80 3.30 12.8 4.15 3.54 2.81 0.48 0.48 0.00 0.00
July 31 0.85 6.32 12.65 4.08 3.46 3.05 3.75 3.75 0.00 0.00
August 31 0.93 3.94 12.6 4.05 3.44 3.30 4.39 4.39 0.00 0.00
September 30 1.00 3.36 14.85 5.20 4.65 4.65 3.11 3.11 0.00 0.00
October 31 1.14 5.98 17.05 6.41 5.99 7.07 2.01 2.01 0.00 0.00
November 30 1.19 1.72 19.4 7.79 7.59 9.03 -5.29 0.00 5.29 0.00
December 31 1.27 3.50 21.7 9.23 9.33 12.29 -8.79 0.00 8.79 0.00
Sums 44.49 83.07 86.98 13.75 42.50 0.00
30 1.2 1.03 1.06 0.95 0.92 0.85 0.9 0.96 1 1.12 1.14 1.21
NA NA NA NA NA NA NA NA NA NA NA NA NA
35 1.23 1.04 1.06 0.94 0.89 0.82 0.87 0.94 1 1.13 1.17 1.25
38.12 1.2550 1.0525 1.0662 0.9338 0.8713 0.7950 0.8513 0.9275 1.0000 1.1425 1.1887 1.2750
40 1.27 1.06 1.07 0.93 0.86 0.78 0.84 0.92 1 1.15 1.2 1.29
a
-25.07
Heat IndexMonth
Climate Condition in 1990
Projected Climate Trend
Data Input Cell
2050 A1FI 2070 A1FI
1.61
a
2030 A1B
                                  Station Name :   Geelong
Month Heat Index
38.12
-21.54
10           Year : 20500
a
-29.31
1.84
1.71
38.12 So    : 0 Smax  : 10           Year : 2070
Heat Index
                                  Station Name :   Geelong Station No. :   87025 Latitude :
Station No. :   87025 Latitude :
Latitude 
So    : Smax  :           Year :
Day length
correction factor
(Di)
Month
201
                                  Station Name :   Geelong Station No. :   87025 Latitude : 38.12 So    : Smax  :
0 10 2030
Table D1 Excel Spreadsheet Template of TMI  Prediction Based on Eq. 2-17
Precipitation (mm) 0.34 9.90 2.12 4.42 0.62 3.88 7.43 4.63 4.80 8.54 2.46 3.78
Mean average
temperature (℃)
20.1 19.65 18.8 16.35 13.15 10.55 10.4 10.35 12.1 14.3 16.65 18.95
2030 A1B 2050 A1FI 2070 A1FI
Temp.(℃) Rainfall(%) Temp.(℃) Rainfall (%) Temp.(℃) Rainfall (%)
Spring 0.8 -7.5 1.75 -15 2.75 -30 Latitude: 38.12 `
Summer 0.8 -3.5 1.75 -7.5 2.75 -7.5 Year 1: 2030
Autumn 0.8 0 1.75 -3.5 2.75 -3.5 Year 2: 2050
Winter 0.8 -3.5 1.25 -7.5 2.25 -15 Year 3: 2070
Numver of days Day length correction Precipitation Mean maximum Mean minimum Mean average Unadjusted PET Adjusted PET TMI
 in month (Ni ) factor  (Di ) (cm)  temperature (℃)  temperature (℃)     temperature (℃) (cm) (cm) Eq. 2-19
January 31 1.25 0.33 20.9 8.72 9.19 11.92
February 28 1.05 9.55 20.45 8.44 8.87 8.72
March 31 1.07 2.12 19.6 7.91 8.29 9.13
April 30 0.93 4.42 17.15 6.46 6.68 6.24
May 31 0.87 0.62 13.95 4.73 4.79 4.31
June 30 0.80 3.74 11.35 3.46 3.44 2.73
July 31 0.85 7.17 11.2 3.39 3.36 2.96
August 31 0.93 4.47 11.15 3.37 3.34 3.20
September 30 1.00 4.44 12.9 4.20 4.22 4.22
October 31 1.14 7.90 15.1 5.33 5.44 6.43
November 30 1.19 2.28 17.45 6.63 6.87 8.17
December 31 1.27 3.65 19.75 8.00 8.39 11.05
Sums 50.69 70.64 79.07
Numver of days Day length correction Precipitation Mean maximum Mean minimum Mean average Unadjusted PET Adjusted PET TMI
 in month (Ni ) factor  (Di ) (cm)  temperature (℃)  temperature (℃)     temperature (℃) (cm) (cm) Eq. 2-19
January 31 1.25 0.31 21.85 9.33 9.68 12.55
February 28 1.05 9.16 21.4 9.04 9.34 9.18
March 31 1.07 2.05 20.55 8.50 8.72 9.60
April 30 0.93 4.27 18.1 7.01 7.02 6.55
May 31 0.87 0.60 14.9 5.22 5.03 4.53
June 30 0.80 3.59 11.8 3.67 3.38 2.68
July 31 0.85 6.87 11.65 3.60 3.30 2.91
August 31 0.93 4.28 11.6 3.58 3.28 3.14
September 30 1.00 4.08 13.85 4.68 4.44 4.44
October 31 1.14 7.26 16.05 5.85 5.71 6.74
November 30 1.19 2.09 18.4 7.19 7.22 8.58
December 31 1.27 3.50 20.7 8.59 8.83 11.63
Sums 48.05 76.25 82.53
Numver of days Day length correction Precipitation Mean maximum Mean minimum Mean average Unadjusted PET Adjusted PET TMI
 in month (Ni ) factor  (Di ) (cm)  temperature (℃)  temperature (℃)     temperature (℃) (cm) (cm) Eq. 2-19
January 31 1.25 0.31 22.85 9.98 10.25 13.30
February 28 1.05 9.16 22.4 9.68 9.89 9.71
March 31 1.07 2.05 21.55 9.13 9.21 10.15
April 30 0.93 4.27 19.1 7.61 7.38 6.89
May 31 0.87 0.60 15.9 5.76 5.27 4.74
June 30 0.80 3.30 12.8 4.15 3.54 2.81
July 31 0.85 6.32 12.65 4.08 3.46 3.05
August 31 0.93 3.94 12.6 4.05 3.44 3.30
September 30 1.00 3.36 14.85 5.20 4.65 4.65
October 31 1.14 5.98 17.05 6.41 5.99 7.07
November 30 1.19 1.72 19.4 7.79 7.59 9.03
December 31 1.27 3.50 21.7 9.23 9.33 12.29
Sums 44.49 83.07 86.98
30 1.2 1.03 1.06 0.95 0.92 0.85 0.9 0.96 1 1.12 1.14 1.21
NA NA NA NA NA NA NA NA NA NA NA NA NA
35 1.23 1.04 1.06 0.94 0.89 0.82 0.87 0.94 1 1.13 1.17 1.25
38.12 1.2550 1.0525 1.0662 0.9338 0.8713 0.7950 0.8513 0.9275 1.0000 1.1425 1.1887 1.2750
40 1.27 1.06 1.07 0.93 0.86 0.78 0.84 0.92 1 1.15 1.2 1.29
-48.86
1.71
-41.78
2030
Month Heat Index
Latitude 
Day length
correction factor
(Di)
Year :
Year :    
Year :    
1.84
a
                                  Station Name :   Geelong Station No. :   87025 Latitude :
2070
Month Heat Index a
                                  Station Name :   Geelong Station No. :   87025 Latitude : 38.12
2050
Month Heat Index a
                                  Station Name :   Geelong Station No. :   87025 Latitude : 38.12
1.61
-35.90
38.12
Projected Climate Trend
Table D2 Excel Spreadsheet Template of TMI  Prediction Based on Eq. 2-19
202
Data Input Cell
Climate Condition in 1990
Soil  Layer Depth(m)
Cracked
Zone
I ps (%) z(m) α I pt (%) Δu(pF)
Average Δu
(pF)
Δz(m)
Surface
Movement (y s)
(mm)
0 - 1 1.20
0.5 - 1 1.05
0.5 - 1 1.05
1 - 1 0.91
1 - 1 0.91
1.5 - 1 0.76
1.5 - 1 0.76
2 - 1 0.61
2 2 1.6 0.61
2.5 2.5 1.5 0.47
2.5 2.5 1.5 0.47
3 3 1.4 0.32
3 3 1.4 0.32
3.5 3.5 1.3 0.18
3.5 3.5 1.3 0.18
4.1 4.1 1.18 0.00
0 0 0 0 0 0 0 0
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.1
4.1 4.1 4.1 4.1 4.1 4.1 4.1 4.1
1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
1.05 0.91 0.76 0.61 0.47 0.32 0.18 0 Data Input Cell
0 0 0 0 0 0 0 0
H s (m) 4.1 Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8
Zc (m) 2 Depth(m) 0.5 1 1.5 2 2.5 3 3.5 4.1
Δu s (pF) 1.2 I ps (%) 4.5 5.5 4 3 5.5 2.2 6 6.5
25.35
2 Yes 5.50 5.5 0.98 0.5 26.96
1 Yes 4.50 4.5 1.13 0.5
16.68
4 Yes 3.00 3 0.69 0.5 10.32
3 Yes 4.00 4 0.83 0.5
23.08
6 No 2.20 3.19 0.40 0.5 6.30
5 No 5.50 8.525 0.54 0.5
8.1 0.25
203
Δu s (pF)
0.57
Table D3 Excel Spreadsheet Template of y s  Estimation
Total Surface
Movement(mm)
123.02
Interpolation
H s (m)
10.08
8 No 6.50 8.06 0.09 0.6 4.25
No 6.00
204 
APPENDIX E 
 
 
Fig. E1 Best Estimate of Victoria Temperature Change in 2030 (A1B Scenario) 
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Fig. E2 Best Estimate of Victoria Temperature Change in 2050 (A1FI Scenario) 
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Fig. E3 Best Estimate of Victoria Temperature Change in 2070 (A1FI Scenario) 
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Fig. E4 Best Estimate of Victoria Precipitation Change in 2030 (A1B Scenario) 
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Fig. E5 Best Estimate of Victoria Precipitation Change in 2050 (A1FI Scenario) 
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Fig. E6 Best Estimate of Victoria Precipitation Change in 2070 (A1FI Scenario)
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APPENDIX F  
 
Glenroy, a northern suburb of Melbourne CBD (37.70S, 144.92E) has been selected for the 
demonstration of future ground surface movement prediction and site classification. This site 
contains no apparent geological anomalies.  
 
Step1: Data collection 
 
Precipitation and temperature data in 1990 was obtained from weather observation station 
Melbourne Regional Office (086071), which is only a few kilometres from the site.  
 
Step2: TMI calculation for 1990 and 2030 
 
TMI for 1990 was calculated using weather data obtained from weather station, shown as 
follows: 
 
Table F1 TMI Determination for 1990 Using Year-by-Year Method Applied on Eq. 2-19 
Station Name :   Melbourne Regional Office Station No. :   086071 Latitude :  37.81 Year :  1990 
Month 
No. of 
days in 
month 
(Ni) 
Day length 
Corr. factor  
(Di) 
Rainfall 
(cm) 
Mean Max. 
Temp. 
(℃) 
Mean Min. 
Temp. 
(℃) 
Mean Avg. 
Temp. 
(℃) 
Heat Index 
(hi) 
a 
Unadjusted 
PET(cm) 
(ei) 
Adjusted 
PET(cm) 
(ei') 
TMI 
100(
P
  PET
- 1) 
(Eq. 2-19) 
Jan 31 1.2525 0.38 26 15.6 20.8 8.66 
1.63 
9.08 11.75 
-22 
Feb 28 1.0512 7.44 25.4 15.4 20.4 8.41 8.80 8.63 
Mar 31 1.0656 3.20 24.7 14.8 19.75 8.00 8.35 9.19 
Apr 30 0.9344 9.46 20.7 13.4 17.05 6.41 6.57 6.14 
May 31 0.8731 1.72 17.5 9.7 13.6 4.55 4.55 4.10 
Jun 30 0.7975 3.72 14.6 7.7 11.15 3.37 3.29 2.62 
Jul 31 0.8531 9.10 14.8 8.2 11.5 3.53 3.46 3.05 
Aug 31 0.9288 4.98 14.4 7.8 11.1 3.34 3.27 3.13 
Sep 30 1.0000 5.44 17.5 9.2 13.35 4.42 4.41 4.41 
Oct 31 1.1412 9.66 20.6 11.3 15.95 5.79 5.89 6.95 
Nov 30 1.1869 4.76 22.9 12.7 17.8 6.84 7.05 8.36 
Dec 31 1.2725 2.66 26.1 14.4 20.25 8.31 8.69 11.43 
Sums   62.52    71.62   79.77 
 
TMI for 2030 was determined by employing the projected precipitation and temperature trend 
and applied to the climate condition in 1990, shown in Table F2. 
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Table F2 TMI Determination for 2030 Using Year-by-Year Method Applied on Eq. 2-19 
Station Name :   Melbourne Regional Office Station No. :   086071 Latitude :  37.81 Year :  2030 
Month 
No. of 
days in 
month 
(Ni) 
Day length 
Corr. 
factor  (Di) 
Rainfall 
(cm) 
Mean Max. 
Temp. 
(℃) 
Mean Min. 
Temp. 
(℃) 
Mean 
Avg. 
Temp. 
(℃) 
Heat 
Index 
(hi) 
a 
Unadjusted 
PET(cm) 
(ei) 
Adjusted 
PET(cm) 
(ei') 
TMI 
100(
P
  PET
- 1) 
(Eq. 2-19) 
Jan 31 1.2525 0.38 - - 21.8 9.29 
1.73 
9.60 12.43 
-28 
Feb 28 1.0512 7.37 - - 21.4 9.04 9.30 9.13 
Mar 31 1.0656 3.14 - - 20.55 8.50 8.67 9.55 
Apr 30 0.9344 9.27 - - 17.85 6.87 6.80 6.35 
May 31 0.8731 1.69 - - 14.4 4.96 4.69 4.23 
Jun 30 0.7975 3.57 - - 11.85 3.69 3.35 2.67 
Jul 31 0.8531 8.74 - - 12.2 3.86 3.52 3.10 
Aug 31 0.9288 4.78 - - 11.8 3.67 3.32 3.19 
Sep 30 1.0000 5.06 - - 14.25 4.88 4.60 4.60 
Oct 31 1.1412 8.98 - - 16.85 6.29 6.15 7.25 
Nov 30 1.1869 4.43 - - 18.7 7.37 7.37 8.74 
Dec 31 1.2725 2.63 - - 21.25 8.94 9.19 12.09 
Sums   60.03    77.36   83.33 
 
Note: The projected monthly rainfall decrease relative to 1990 is 1% for summer (i.e. December to February), 2% for autumn 
(i.e. March to May), 4% for winter (i.e. June to August) and 7% for spring (i.e. September to November) whereas the predicted 
monthly temperature increase is 1°C for summer, 0.8°C for autumn, 0.7°C for winter, and 0.9°C for spring. 
 
Step3: Hs determination 
 
According to the TMI-Hs correlation outlined in Table 2-12, Hs of 3.2m can be obtained by the 
use of interpolation technique. 
 
Step4: Establish soil suction profile 
 
            
            
            
            
            
            
            
         
 
Fig. F1 Soil Suction Profile for the Site 
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As shown in Fig. F1, the soil suction profile was divided into four layers, where three layers 
were distributed within the crack zone and one below the crack zone. 
 
Step5: Estimation of ys  
 
The total ground surface movement was estimated by sum of the movement of each layer as 
described in Eq. 2-21. 
 
Table F3 Ys Prediction for 2030 
Soil Layer Depth(m) 
Cracked 
Zone 
Ips(%) Z(m) α Ipt(%) Δu (pF) 
Average 
Δu (pF) 
ΔZ(m) Ys(mm) 
1 
0 
Yes 4.30 
- 1 
4.30 
1.2 
1.050 0.8 37 
0.8 - 1 0.9 
2 
0.8 
Yes 2.50 
- 1 
2.50 
0.9 
0.713 1 18 
1.8 - 1 0.525 
3 
1.8 
Yes 4.10 
- 1 
4.10 
0.525 
0.413 0.6 11 
2.4 - 1 0.3 
4 
2.4 
No 4.10 
- 1 
4.84 
0.3 
0.150 0.8 6 
3.2 3.2 1.36 0 
 Σ 72 
 
The predicted characteristic surface movement ys for the site in 2030 is 72mm and “H2-D” 
class is given to the site in accordance with AS2870-2011. 
 
